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Environmental issues are closely intertwined to one another and among them, water pollution 
stand in the top, not only because of the vital role of water in all life forms and human 
activities but also due to other ecological, socio-economic and political issues that revolve 
around it in one way or another. Human activities and the lack of respect for nature have led 
to the deterioration of water quality by several pollution forms such as salinization, 
microbiological contamination, eutrophication, acidification, heavy metals and toxic wastes 
contamination, thermal pollution, and increases in total suspended solids. As a result, serious 
environmental issues are recognized while the cost-effectivity of existent water and 
wastewater treatment systems is in debate [1,2]. Moreover, global water resource limits will 
be reached in the near future, and along with the effect of climate change, the situation is 
expected to worsen, especially in densely populated and industrial areas [3]. Therefore, water 
pollution control became a major challenge and alarm bells started to ring to develop efficient 
technologies for water recycling that can play key role in the conservation and sustainability 
of water resources. Among human activities, agricultural sector is recognized as the dominant 
user of water accounting for around 80% of global water withdrawals, therefore, its 
contribution in water shortage and pollution is the highest [4]. Furthermore, continued 
increase in irrigation for agricultural production over many years has led to the oversaturation 
of soils, salt build-up, lowering of groundwater tables and land degradation [5]. Hence, it is 
obvious that if we want to mitigate water shortage and pollution problems we should look 
critically at the use and management of water by agricultural sector [6]. However, water is 
key driver in agricultural production, and irrigation remains one of the most critical inputs 
into farming to meet food demand [7]. Moreover, continued increase in demand for water by 
urban and industrial sectors can dramatically impact food security although the efforts 
expanded for rationalization of water-use efficiency in agriculture [8]. Therefore, providing 
sustainable and practicable approach ensuring agricultural water demand without 
compromising environmental protection is highly required. 
Additionally, agriculture, industry, and wastewater treatment sites are recognized as the main 
sources of nitrogen (N) and phosphorus (P) released into water systems. The presence of these 
elements in freshwaters and marine ecosystems leads to several harmful impacts such as 
eutrophication [9,10], formation of dead zones [11], contamination of drinking water [12,13], 
reduction of crop yields [14], global warming [15], over-fertilization of soils [16], decrease of 
the recreational value of the environment, and severe economic damage [17]. On the other 
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hand, in addition to their principal role in many industries [18,19], nitrogen and phosphorus 
are indispensable components of fertilizers and their role is critical in agricultural production 
because they are  irreplaceable and essential elements for the growth of aquatic life and plants 
[20,21]. Moreover, the role of these fertilizers is more than ensuring food security as they 
contribute in achieving several goals of the Sustainable Development Agenda 2030 (SDG 
2030) including No poverty, No hunger, Gender equality, Sustainable management of water, 
Sustainable industrialization, Climate change, Clean oceans and life on land according to the 
International Fertilizer Association (IFA) [22]. Therefore, there will be a continuous need to 
supply phosphorus and nitrogen to agriculture and industry. However, the increase of demand 
for fertilizers makes stress on phosphate rock sources and it is estimated that they will be 
exhausted in between the second half of this century to several centuries from now [23,24]. 
Moreover, phosphate industry is facing serious obstacles concerning phosphate rock quality 
and water availability for mining process which makes phosphorus extraction increasingly 
expensive [25]. On the other hand, nitrogen is a renewable resource and abundantly exists in 
atmosphere in a highly stable and non-reactive form, dinitrogen gas (N2). However, its 
content in soils is limited and the Haber–Bosch process by which ammonia (NH3) is 
industrially synthesized is energetically intensive [26]. Hence, the recovery of nitrogen and 
phosphorus from wastewater is highly required and has recently become a matter of urgency 
to preserve water resources, protect the environment and mitigate the disruption in fertilizers 
supply. For this purpose, many physical, chemical, and biological methods have been 
developed, however, most of these methods showed different shortcomings such as high 
operational and maintenance costs, generation of toxic sludge, low-purity of recovered 
products and complicated procedure which limit their application [27]. Comparatively, 
adsorption process takes advantage from all existent methods due to several advantages such 
as cost-effectivity, ease of operation, simplicity of design and wide range of existing and 
potential adsorbents with the possibility of direct application of nutrient-loaded adsorbents for 
soil fertilization [28,29]. However, despite the increasing recognition of the adsorption 
technology benefits, the costs of nutrients recovery procedure cannot yet compete in the 
market against mining industry [30]. Hence, it is necessary to search for more cost-effective 
adsorbents and methods. 
Furthermore, as a result of expanding agricultural activities and irresponsible food production 
and consumption, more than 1.3 billion tons of agricultural and food waste (AFW) are 
produced annually according to the Food and Agriculture Organization of the United Nations 
(FAO) [31]. Disposal of this waste into landfills has proven to be responsible for not only 
13 
 
social and economic damage, but for a considerable ratio in the greenhouse gas emissions in 
addition to odours, fires, and groundwater contamination by leachate [32]. Moreover, 
reduction of this waste is one of SDG 2030 "12. Responsible production and consumption", 
however, interventions to reduce its burden remain insufficient because they require radical 
changes in consumers’ attitude and economic policy. Hence, several methods were followed 
for the development of sustainable management solutions of this biomass waste in order to 
turn its burden into social, economic and environmental benefits. The traditional management 
option was using this waste for feeding livestock in addition to modern revalorization in 
different fields such as energy production, bioactive compounds recovery, food industry and  
soil fertilization [33–35]. Nowadays, a new management way is showing up by the use of 
these valueless biomaterials as a renewable resource of low-cost adsorbents with the aim of 
the removal and recovery of valuable contaminants including nutrients [36,37]. The use of 
AFW as bio-adsorbents for nutrients removal and recovery from wastewater presents an eco-
friendly, innovative and sustainable approach for water, nutrients and solid waste 
management according to the 4R principle (Reduce, Recycle, Reuse and Recover); Reduce 
the overuse of water and fertilizers; Recycle wastewater, Reuse AFW and Recover nutrients 
(Figure 1). However, in spite of the growing interest given to this approach, there are many 
obstacles concerning its large-scale application.  
 
Figure 1.Aim of using AFW as bio-adsorbents for nutrients removal and recovery  
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2 Literature review 
Nitrogen is the major nutrient that is more widespread than phosphorus in most estuaries and 
coastal areas thus it is more responsible for eutrophication [38]. However, phosphorus 
concentration as low as 1 mg.L-1 is sufficient to stimulate eutrophication in lakes [39]. In 
wastewater bodies, the predominant form of nitrogen is organic nitrogen, which may be 
biologically converted to NH3 or ammonium (NH4
+) by one of several different metabolic 
pathways. While, forms of phosphorus found in waters include organic phosphates, inorganic 
phosphate (soluble orthophosphates), and polyphosphates [40]. Nitrogen and phosphorus are 
released to water bodies from point and non-point sources. The amount and rate of their 
release depend on their concentration in the effluent, soil type, and distance from water 
bodies. The most common point sources of nitrogen and phosphorus are specific locations or 
facilities such as urban and industrial wastewater effluents, and leachate from waste disposal 
sites [41]. These point sources tend to be continuous with little variability over time thus they 
are easily identified and controlled. However, non-point sources are discrete discharges that 
are difficult to measure and they are linked to agricultural activities such as land fertilization, 
heavy precipitation, urban storm, animal farms, pastures, atmospheric deposition, drainage, 
seepage or erosion therefore they are difficult to control [42]. 
2.1 Nutrients removal and recovery 
2.1.1 Nitrogen cycle  
Nitrogen cycle is the biogeochemical cycle by which nitrogen is converted into multiple 
chemical forms as it circulates among the atmosphere, terrestrial, and marine ecosystems. 
This conversion can be carried out through biological processes as described below [43].  
a) Fixation: A special type of bacteria called nitrogen-fixing bacteria such as Rhizobium, 
Azotobacter and Clostridium take nitrogen present in atmosphere and combine it with 
hydrogen to produce NH3 that can be dissolved in water to form NH4
+. 
b) Assimilation: In this process, plants and animals take up NH4+ and nitrate (NO3–) 
through their roots and integrate them into various proteins and nucleic acids. Animals 
take up this nitrogen forms by consuming the plant tissues. 
c) Ammonification (mineralization): This process takes place in soils. The death of a 
plant or animal or the waste excretion by an animal is the initial form of organic 
nitrogen. Many bacteria and fungi convert this organic nitrogen into NH4
+ that takes 
part in other biological processes. 
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d) Nitrification: This two-step process also occurs in soils and converts NH3 to NO3–. In 
the first step, Nitrosomonas and Nitrococcus, soil bacteria, convert NH3 to nitrite     
(NO2
-), once this step is done, Nitrobacter, another soil bacteria, takes forward the 
second step of nitrification by oxidizing NO2
– to NO3
–. 
e) Denitrification: It is the reduction of NO3– into N2 in anaerobic conditions by 
anaerobic bacteria such as Pseudomonas and Clostridium. These bacteria are 
facultative organisms and can survive in the presence of oxygen. 
Anthropogenic impact  
The production and use of nitrogen fertilizers, fossil fuels burning, power generation plants, 
and industries have altered dramatically the natural balance of the nitrogen cycle by 
increasing the rate of its fixation. The consequences of this imbalance are manifold because 
when present in excess, reactive nitrogen such as  nitric oxide (NO) and nitrogen dioxide 
(NO2), cause a range of negative environmental effects and pose risks to human health [44]. 
Water containing high concentrations of NO3
- had a high risk of developing 
methemoglobinemia, commonly referred to as bluebaby syndrome. Additionally, recent 
research has shown that NO3
- can be converted within the food chain to nitrosamine that is 
known carcinogen. Furthermore, the dissolution and enrichment of nitrogen compounds in 
water can cause acidification. In addition, high level of NH4
+ promotes eutrophication in 
coastal ecosystems and thus ultimately reduces the biodiversity due to a lack of oxygen 
needed for the survival of many species of aquatic plants and animals. Moreover, nitrogen has 
several warming effects through the formation of N2O and O3. 
2.1.2 Methods of NH4+ removal and recovery 
The most encountered nitrogen form in wastewater is NH4
+ which exists in equilibrium with 
NH3 [45]. This equilibrium shifts to NH3 when pH is equal to 9.0 or higher and shifts to NH4
+ 
when pH is neutral or lower according to the following chemical equation: 
NH4
+ --- NH3 + H
+ 
The most common technologies for NH4
+ removal and recovery are: 
 Biological nitrification: It is a simple and cost-effective process that is known as the 
biological conversion of NH4
+ to NO3
– which is less toxic [46]. This autotrophic 
process occurs in two steps according the following chemical equations: 
NH4
+ + 3/2 O2  NO2
– + 2H+ + H2O       (Nitrosomonas) 
            NO2
– + 1/2 O2  NO3
–                            (Nitrobacter) 
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In the first step, Nitrosomonas bacteria convert NH4
+ into NO2
-. While during the 
second step, Nitrobacter bacteria consume NO2
– to produce NO3
–, which is a form of 
fixed nitrogen that plants and microorganisms can absorb. The main shortcomings of 
this technology is the sensitivity of nitrifying bacteria to a variety of parameters such 
as high concentration of NH4
+ and nitrous acid (HNO2), pH, temperature and 
dissolved oxygen concentration in addition to the presence of inorganic agents that can 
inhibit the growth and action of these organisms. 
 Anaerobic ammonium oxidation (Anammox): This relatively new biological method 
shows good efficiency in converting NH4
+ and NO3
– directly into N2.  Contrasted with 
biological nitrification, which is a two-step process, Anammox bacteria convert NH4
+ 
and NO3
– directly into N2 and H2O by passing over the traditional denitrification 
process. However, Anammox shares many commonalities with traditional biological 
nitrification and it is compatible with much existing infrastructure [47]. This 
technology comes with advantages such as lower oxygen demand, less sludge 
production and lower carbon dioxide (CO2) emissions, which reduce the 
environmental impacts and operating costs, however, slow growth rate of Anammox 
bacteria and high costs of aeration equipment are the main limiting factors of this 
technology. 
 Air stripping: It is an effective technology for treatment of wastewaters with low NH4+ 
concentration. It consists of converting NH4
+ to NH3 and then dispersing the liquid in 
air over an evaporation material with cooling-tower type structure. However 
exhausting this air to the atmosphere may be not permissible in some locations. This 
technology present several advantages such as less place requirements, simple 
construction and ease of operation. However, cost-efficiency at high NH4
+ 
concentration, the necessity of pH adjustment (pH must be greater than 11 for 
complete conversion of NH4
+ to NH3), noise, air pollution and odours are the main 
disadvantage of this technology [48]. 
 Breakpoint chlorination: in this process, chlorine (Cl2) converts NH4+ into various 
chloramines, depending on the pH of solution. An average of  8:1 ratio of Cl2 to NH4
+ 
is required to convert all NH4
+ into chloramines [49]. This method presents advantages 
such as the high efficiency and ability of destroying other pollutants present in 
solution, however, the high Cl2 consumption and the necessity of dosage, pH and 
temperature control in addition to the large volumes of chlorines produced are the 
main drawbacks of this technology. 
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 Adsorption-based processes: Application of these methods for NH4+ removal has been 
encouraged due to a plenty of advantages such as low cost and energy requirements, 
high selectivity, promising efficiency in a short contact time, good response at low 
temperatures, ease of operation, environmental friendliness and wide range of 
available adsorbents and resins [50]. Moreover, the utilization of the used adsorbent 
loaded with nitrogenous compounds as fertilizer is another advantage associated with 
this technology [51]. However, chemicals required for adsorbent regeneration, amount 
of adsorbent required for complete removal and presence of competitive foreign ions 
are some of the challenges hindering this technology. In recent years, most efforts 
have been made to find adsorbents with higher efficiency and lower cost [52].  
 Bio-electrochemical systems (BES): It is a technology where chemical energy 
contained in the organic matter is directly converted into electrical energy by certain 
microorganisms. In the case of NH4
+ recovery, organic matter present in wastewater is 
oxidized at the anode by bacteria, while NH4
+ ions are transported over a cation 
exchange membrane to the cathode chamber where the high pH allows its recovery as 
NH3 through gas aeration [29]. This technology seems to be a sustainable way for 
NH4
+ removal and recovery, however, there is a need for the optimization of various 
parameters such as pH and NH4
+ concentration. 
 Membrane-based processes: This technology, especially reverse osmosis (RO), offers 
distinct advantages for NH4
+ removal and recovery such as independency from liquid 
flow rates and NH4
+ concentration in addition to absence of secondary pollutants in 
permeate. However, shortcomings such as membrane fouling, chemical stability and 
high energy consumption remain unaddressed [53]. 
2.1.3 Phosphorus cycle  
The most significant difference between phosphorus and nitrogen cycles is that no gaseous 
compounds of phosphorus exist as it is only found in soil and aquatic environments. Similar 
to nitrogen cycle, bacteria play a vital role in weathering, mineralization, assimilation, 
precipitation, and dissolution of phosphorus. When plants and animals die, the decomposition 
of the biomass by bacterial activities converts organic phosphorus into inorganic phosphorus 
that is released back to the environment [54].  
a) Weathering: Phosphorus-rich minerals present in soil are weathered over long periods 
and become available for plants and microorganisms. 
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b) Mineralization: It is the process by which organic phosphorus compounds are 
converted to orthophosphate by the help of microorganisms such as bacteria (e.g., 
Bacillus Subtilis), and fungi (e.g., Penicillium). Phosphatases are the enzymes 
responsible for the degradation of phosphorus compounds.  
c) Assimilation: Microorganisms assimilate and store phosphorus in the form of 
polyphosphates in special granules for their own nutritional needs.  
d) Precipitation: In aquatic environment, the solubility of orthophosphate is controlled by 
pH and by the presence of other minerals such as Al3+, Ca2+, Fe3+, and Mg2+. Reaction 
of phosphorus with these minerals results in insoluble compounds such as 
hydroxyapatite Ca10 (PO4)6(OH)2, vivianite Fe3 (PO4)2.8H2O and variscite 
AlPO4.2H2O.  
e) Solubilisation of insoluble phosphorus: Metabolic activity of microorganisms 
contributes to the solubilisation of phosphorus compounds. The process involves 
enzymes and produces organic and inorganic acids, CO2, and hydrogen sulfide (H2S). 
Anthropogenic impact  
The most important change to the global phosphorus cycle is related to a number of industrial 
and agricultural activities mainly phosphate rock extraction for crops cultivation, livestock 
production, and waste deposit, which results in a massive transfer from the vast and 
unavailable reserve pool to the wide biologically available forms on land [10]. The impact of 
these activities is usually accompanied with an overuse of resources such as water, energy and 
phosphate rock. The rapid increase in phosphate rock extraction is continuously exhausting 
global phosphorus reserves and as a result, global food safety is threaten. On the other hand, 
human-induced phosphorus losses contribute to eutrophication through rapid growth of algal 
blooms, which reduces dissolved oxygen and therefore reduces the aquatic biodiversity.  
2.1.4 Methods for phosphorus removal and recovery  
Orthophosphate is the most phosphorus form found in wastewater systems and it is presented 
in a variety of forms including PO4
3-, HPO4 
2-, H2PO4
- depending on pH [11]. In the field of 
wastewater treatment technology, numerous methods have been developed for phosphorus 
removal and recovery and they encompass three main categories: biological, chemical, and 
physical and/or a combination of them. However, some of these techniques are only 
experimental projects [55]. The main phosphorus removal and recovery methods can be 
summarized as follow: 
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 Membrane technology: This method is of growing interest for wastewater treatment in 
general and for phosphorus removal in particular as it has the added benefit of 
collecting dissolved and solid phosphorus. Some of the more common membrane 
filters used for phosphorus removal and recovery are membrane bioreactors (MBRs), 
tertiary membrane filtration and RO. However, although the high efficiency, 
membrane technology is often expensive and does not provide an easily recoverable 
source of phosphorus [29]. 
 Chemical precipitation: This technology is the main commercial process for removing 
phosphorus from wastewater effluents [56]. Chemicals most often employed are 
compounds of calcium, aluminium, lime and iron. These chemicals have the ability to 
aggregate with phosphorus to form particles with larger sizes that they can be easily 
removed. In this process, effluents containing phosphate ions react with salts of ferric 
ions, aluminium ions, or lime to form metal-phosphate precipitates. A major concern 
with this method continues to be the produced sludge at the end of the reaction and the 
high cost of consumed chemicals. Moreover, phosphorus precipitation by metal salts 
makes the precipitate unrecoverable for potential use in soil fertilization [57]. 
 Biological assimilation and Constructed wetlands: These methods are based on the 
incorporation of phosphorus as an essential element in the biomass of a photosynthetic 
organism such as plants, algae, and some bacteria [58]. In constructed wetlands, 
bacteria residing in the roots of a macrophyte plant degrade phosphorus and other 
organic matter that are later absorbed by the plant’s roots. However, susceptibility to 
climate, accumulation of heavy metals and hazardous pollutants in addition to the  
necessity to remove the used plants in order to prevent possible re-release of 
phosphorus in water limit the wide application of this method [57]. 
 Enhanced biological phosphorus removal (EBPR): This technology is based on a 
selective enrichment of inorganic polyphosphate by bacteria as an ingredient of their 
cells. In this process, phosphate accumulating organisms (PAOs) store polyphosphate 
as an energy reserve in intracellular granules [57]. Under anaerobic conditions and in 
the presence of fermentation products, PAOs release orthophosphate and use the 
energy to accumulate simple organics and store them as polyhydroxyalkanoates 
(PHAs) such as poly-β- hydroxybutyrate (PHB). Afterwards, under aerobic conditions, 
PAOs grow on the stored organic material and use some of the energy to take up 
orthophosphate and store it as polyphosphate. Finally, the biomass enriched in these 
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bacteria is separated from the treated water and thus phosphorus is removed. This 
technology can achieve low or even very low total phosphorus (TP) effluent levels 
(<0.5 mg.L-1) at modest cost and with minimal additional sludge production [59]. 
However, temperature control, energy consumption, space requirement and 
complexity of operations are the main disadvantages of this technology.                                              
 Adsorption-based processes: As for NH4
+ removal and recovery, adsorption 
technology is advantageous, cheap and simple producing less sludge and offer many 
benefits for phosphorus removal and recovery. Ferric and aluminium hydroxides are 
common adsorbents used for phosphorus removal, however, some common limitations 
of this technology are the high cost of adsorbents and their regeneration in addition to 
their safe disposal [29]. 
2.2 Biosorption of NH4+ and phosphate (PO43-) using AFW 
The biosorption process is commonly defined as the removal/binding of a sorbate from a 
solution by a biomass such as AFW, also called ligno-cellulosic biomass and include stalks, 
leaves, seeds, shell, peels, husks, and straws [60]. The basic components of AFW include 
hemicelluloses, lignin, lipids, proteins, simple sugars, water, hydrocarbons and starch, 
containing a variety of functional groups especially negatively charged groups, namely 
hydroxyl (–OH)  and carboxyl (–COOH) groups that afford them a promising ion-exchange 
capacity and general adsorptive characteristics. Several AFW have been studied for NH4
+ 
removal from water [61,62]. Although, the adsorption capacity vary depending on the type of 
AFW, most of these biomaterials can be used in natural form for NH4
+ removal, however, 
their activation is highly required in order to develop desirable physicochemical properties for 
PO4
3- removal. In natural form, AFW are washed, ground to desired particle size and 
subsequently used in adsorption tests. While, in modified form, AFW are pre-treated by 
means of well-known modification techniques [63]. These biomaterials can be used also as 
precursor for the production of active carbon with improved adsorptive characteristics using 
conventional methods such as chemical and thermal activation [64]. However, the use of 
AFW as bio-adsorbents for nutrients removal and recovery should take in consideration 
several criteria such as abundancy, cost effectiveness, high efficiency at a short time, ease of 
regeneration after use, and the possibility of reuse (Figure 2). 
Moreover, as AFW are characterized by small surface area, chemical composition of their 
surfaces plays a major role in their adsorption capacity and selectivity for specific sorbates 
such as NH4
+ and phosphate PO4
3-. Therefore, chemical characterization of AFW is 
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mandatory for an accurate determination of mechanisms taking place during the biosorption 
process. Numerous techniques are used to characterize AFW’s surface such as scanning 
electron microscope (SEM) that investigates the surface morphology before and after 
contaminants adsorption. Other techniques provide suitable information on the charge of 
surface groups such as point of zero charge and zeta potential measurement. On the other 
hand, FT-IR spectroscopy technique focuses on the bulk crystallographic structure, which 
helps to investigate functional groups present in surface. 
 
 
Figure 2. Criteria for selection of AFW for nutrients removal and recovery 
2.2.1 Modification of AFW for PO43- removal 
AFW are characterized by the abundant availability of negatively charged functional groups 
(e.g., –OH, –COOH) and the lack of positively charged sites able to bind anions thus they are 
usually inefficient for PO4
3- adsorption from aqueous solutions. Therefore, modification of 
AFW is highly required and plays a vital role in improving their PO4
3- adsorption capacity 
[63]. Many modification methods of AFW exist such as thermal activation, chemical 
activation, steam activation, metal loading, quaternization, and protonation. 
 Thermal activation: It is a process of carbonization or calcination of organic matter 
using high temperature (400 to 1000 °C) to produce activated carbon characterized  by 
high surface area and porosity leading to a high adsorption capacity of many pollutants 
especially dissolved organic compounds [65]. 
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 Chemical activation: It is a dehydration process at elevated temperature and under 
pyrolytic conditions employing inorganic chemicals such as zinc chloride (ZnCl2) and 
phosphoric acid (H3PO4) to degrade the cellulose of AFW. However, the residuals of 
chemicals used may cause environmental contamination or equipment erosion [66]. 
 Steam activation: It is a selective oxidation of AFW using an activation gas (steam, 
CO2, blue gas) at high temperatures (800 °C-1000 °C) [67]. During the oxidation, the 
activation gas reacts with the carbon contained in AFW to form gaseous products that 
enhance the material porosity by opening closed pores [68]. 
  Quaternization (amine grafting): This method is intended to produce anion exchange 
resins that can be employed for PO4
3- removal. Quaternization is implemented by 
reactions between −OH groups present in AFW’s surface with amines (−NH2) groups 
in quaternary ammonium compounds [21]. This two-step process use first cross-
linking agent such as epichlorohydrin to convert cellulose into epoxy cellulose ether, 
which is regarded to be more active and able to react with quaternary ammonium 
compounds. In the second step, the epoxy cellulose ether will be grafted with different 
amines by means of various quaternary ammonium compounds such as poly-
allylamine hydrochloride (PAA. HCl), dimethylamine, triethylamine and urea [69]. 
 Metal loading: In this method, metals ions such as zinc (Zn2+), iron (Fe2+) and (Fe3+), 
lanthanum (La3+), cerium (Ce3+) and zirconium (Zr4+) are incorporated in AFW’s 
surface to improve their ability to bind PO4
3- through electrostatic interaction. Prior to 
reaction with metal salts, AFW are pre-treated with bases such sodium hydroxide 
(NaOH) in order  improve their cationic exchange capacity [70].  
 Surface protonation: It is a cost-effective and attractive method for enhancing 
adsorption capacity of PO4
3- by treating AFW with acids such as hydrochloric acid 
(HCl) and sulfuric acid (H2SO4), thereby increasing the positive surface charge 
density. It is expected that the elevated number of positive charges will adsorb PO4
3- 
through electrostatic attraction. Another possible method used for AFW’s surface 
modification is sulphate coating, however, this method has been only applied to 
conventional adsorbents [20]. 
2.2.2 Examples of AFW used as bio-adsorbents for NH4+ and PO43-  
A wide variety of AFW in natural and modified form or even as active carbon have been 
tested for their ability to adsorb NH4
+ and PO4




Table 1. Examples of AFW used for NH4
+ and PO4
3- removal and recovery 
NH4
+ removal 
Bio-adsorbents Adsorption capacity 
(mg.g-1) 
Contact time Reference 






Cotton stalks 518.9 
Oak sawdust biochar 10.1 24 h [72] 
Giant reed straw 1.49 25 min [73] 
P. oceanica fibers 1.80 30 min [74] 
Boston ivy leaves 6.71 18 hr [9] 
Coconut shell-activated carbon 2.3 120 min [75] 
PO4
3-  removal 
Modified Aleppo pine sawdust 116.25 40 min [76] 
Modified  Orange waste gel 57 6h [77] 
Modified Coconut shell 200 4h [78] 
Modified wood particles 2.32 6h [70] 
Date palm waste 8.5 2h [79] 
Cotton stalk  51.54  15min [80] 
wheat straw 60.61 
Modified Giant reed 19.89 25 min [81] 
 
2.2.3 Mechanisms and properties of NH4+ and PO43- biosorption using AFW 
Mechanisms 
As in the case of adsorption by conventional adsorbents, several factors influence the 
biosorption of nutrients by AFW such as physical and chemical properties of adsorbate (NH4
+ 
or PO4
3-) and properties of the bio-adsorbent (i.e., the structure of the biomass surface). 
Considering the diversity of chemical functional groups present in AFW’s surface, the two 
following mechanisms are involved in the biosorption process:  
 Physisorption: It is the mechanism driven by Van Der Waals forces in the absence of 
electrical repulsion [82], or by coulombic attractive forces between charged functional 
groups present in the bio-adsorbent’s surface and the solute [83].  
 Chemisorption: Contrarily to physisorption, chemisorption is characterized by an 
exchange of electrons between active sites present in the bio-adsorbent’s surface and 
solute molecules, thus it involves very specific interactions mainly the formation of 
strong chemical bonds making this adsorption mechanism irreversible and stronger 
than physisorption [84].  
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The difference between physisorption and chemisorption mechanisms can be clarified by 
temperature dependence and by the nature of bonds formed between adsorbent and adsorbate 
as illustrated in Figure 3. 
 
Figure 3. Shematic representation of contaminants removal via different adsorption 
mechanisms [85]. 
Influencing factors  
Since biosorption is not a homogeneous process, the efficiency of NH4
+ and PO4
3- removal by 
AFW is affected by a variety of factors including bio-adsorbent dose, adsorbate concentration, 
solution pH, contact time,  temperature and presence of interfering ions [36]. 
 Solution pH: Several studies on NH4+ and PO43- biosorption by AFW proved that the 
process is highly affected by the solution pH, however detailed theoretical description 
of this effect is complicated because it is influenced by both adsorbent surface 
characteristics and adsorbate properties in a complex manner. The main pH effects are 
the protonation/ deprotonation of the adsorbate and the change of the surface charge of 
the adsorbent. Generally, the adsorption of cations increases with increasing pH, 
whereas the adsorption of anions increases with decreasing pH [68]. For example, 
Benyoucef and Amrani reported the effective pH range for PO4
3- biosorption by 
Aleppo pine sawdust to be between 3.5 and 7.5 [76]. In another study, Xu and 
coworkers explored that modified cotton stalk can remove PO4
3- efficiently in the pH 




+ using peanut shells, corncobs and cotton stalks was neutral [71]. In 
another study, Ismail and Hameed found that the optimum pH for the biosorption of 
NH4
+ by raw corn cob residue to be between 4.5 and 9 [86].  
 Temperature: For adsorption of NH4+ and PO43- from aqueous solution by AFW, the 
effect of temperature is related to the nature of AFW’s surface (energetically 
heterogeneous or homogeneous) that governs the nature of the adsorption mechanism 
(exothermic physisorption or endothermic chemisorption). Moreover, it is important to 
note that increasing temperature can have variable effects and it is not always 
beneficial for the process [68]. In general, numerous studies have shown that by 
increasing temperature of the solution to a specific range, the removal efficiency also 
increases. Kumar and coworkers suggested that elevated temperature leads to an 
increase in the rate of diffusion of PO4
3-
,
 which in turn enhances the adsorption 
capacity [87]. On the other hand, Hou and coworkers found that the optimal 
temperature for NH4
+ removal from aqueous solution using giant reed straw was 
between 10 and 40 °C [73]. 
 Bio-adsorbent Dose: All scientific studies indicated that NH4+ and PO43- removal rate 
increased by increasing the bio-adsorbent dose but the amount of molecules adsorbed 
per unit mass of adsorbent (qe) decreased [36]. One simple explanation for this effect 
is that by adding more bio-adsorbent to the solution, more binding sites are available 
for NH4
+ and PO4
3- uptake [69,86]. However, increasing the bio-adsorbent dose could 
not be operationally and economically beneficial. 
 Contact time: The required contact time for the biosorption system to reach 
equilibrium is an indicator of the process rate and speed and it is a critical factor in 
evaluating the efficacy of AFW for their practical application as bio-adsorbents in 
wastewater treatment [24]. The equilibrium time of the biosorption process can be 
divided on three phases:  
 Initial phase: It is characterized by high removal rate because of the large 
amount of adsorbate attached to the large active sites present in AFW’s 
surface. 
 Intermediate phase: As the contact time increases, the adsorption rate 
gradually becomes slower because of the decrease of available active sites 
able to bind the adsorbate. 
 Saturation phase: The lack of free active sites on the bio-adsorbent surface 
at this time induces the removal rate to be inconsiderable and reached a 
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constant value where no more adsorbate was removed from the solution 
(equilibrium phase).  
For NH4
+ and PO4
3- biosorption by AFW, the process was found to be rapid and 
reaching equilibrium in less than 1h by several researchers, contrariwise, other 
researchers reported that longer contact time was necessary to reach equilibrium by 
other type of AFW as illustrated in Table 1. 
 Initial adsorbate concentration: Generally, initial adsorbate concentration is one of the 
most influencing factors on the adsorption process [88]. The removal rate is the 
highest at lowest initial adsorbate concentration due to the abundance of active sites on 
the adsorbent’s surface thus the driving force of the process is high. While, by 
increasing the concentration of adsorbate, the adsorption driving force decreases with 
time due to the saturation of free active sites [89]. 
 Interfering ions: Since wastewater contains various ions, investigating the effect of 
these interfering ions on the biosorption of NH4
+ and PO4
3- is necessary not only for 
possible decrease in efficiency caused by their presence, but also for toxicity that they 
may have and therefore regenerated bio-adsorbent cannot be used further as fertilizer. 
Many researchers have studied the effect of interfering ions on the biosorption of 
NH4
+ and PO4
3- by AFW and results showed that this parameter depends on the solid-
liquid interface particularly the properties of ions present in solution and possible 




2– did not show any significant influence on PO4
3- 
uptake by different AFW, while the presence of some cations such as Ca2+, Mg2+, 
Cu2+, Fe2+ and Zn2+ facilitates the process [90]. Contrarily, Namasivayan and 





removal by activated coir pith carbon [91]. On the other hand, Shang and coworkers 
reported that the presence of interfering cations such as K+, Na+, Ca2+ and Mg2+ 
reduced the adsorption capacity of modified biochar toward NH4
+ [92]. In another 
study, yang and coworkers found that NH4
+ biosorption by pine sawdust and wheat 
straw biochars were more efficient in solutions containing monovalent cations such as 
Na+ and K+ than solutions containing divalent cations such as Ca2+ and Mg2+ [93]. 
Contrariwise, Lee and others reported that the presence of interfering ions (i.e., Na+, 
K+ or Ca2+) has a negligible effect on the adsorption of NH4
+  by conocut-shell 
activated carbon [94].  
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2.2.4 Biosorption Modelling 
Isotherm 
The usual method for evaluating the adsorption mechanisms is through adsorption isotherm 
which is a curve relating equilibrium concentration of a solute on the surface of an adsorbent 
(qe), to the concentration of the solute in the liquid (Ce) with which it is in contact as shown in 
Figure 4. Determination of isotherm can be carried out using method described in (Appendix 
1) which helps to understand the nature of interactions adsorbent/ adsorbate and identify the 
type of adsorption (i.e., monolayer or multilayer formation) [95].  
 
Figure 4. General aspect of adsorption isotherm [68] 
The equilibrium concentration of a solute on the surface of an adsorbent can be calculated 
using Eq. (1): 
                           qe = (Ci − Ce)
V
m
                                                   (1) 
where:  qe (mg.g
-1) is the amount of adsorbate per mass unit of adsorbent at equilibrium, Ci 
and Ce (mg.L
-1) are the initial and equilibrium concentration of adsorbate respectively, V (L) 
is the volume of the solution and m (g) is the mass of adsorbent.  
No universal isotherm model was found to describe all experimental isotherm curves with the 
same accuracy and most of the single-solute isotherms were originally developed for gas or 
vapour adsorption [95]. The most commonly used isotherms for application in water and 
wastewater treatment are Freundlich and Langmuir models (Table 2). In order to select 
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isotherm model that adequately describes the adsorption mechanism, experimental isotherm 
curve have to be fitted to mathematical equations of these isotherms models [96]. 
Table 2. Freundlich and Langmuir isotherm models 




𝑞𝑚𝑎𝑥 𝑘𝐿  𝐶𝑒 
1 +  𝑘𝐿 𝐶𝑒
 
qmax (mg.g
-1): Maximum amount of solute adsorbed. 
qe (mg.g
-1): Amount of solute adsorbed at 
equilibrium. 
kL (L.mg
-1): Constant related to the energy of 
sorption. 
Ce (mg.L
-1): The equilibrium concentration. 
kF: Constant related to the adsorption capacity 










Adsorption kinetics present the time progress of the adsorption process (Figure 5). 
Investigations into kinetics are necessary to clarify the possible mechanisms and rate-limiting 
step of the process [60].  
 
Figure 5. General aspect of kinetics of adsorption process [68] 
In order to identify kinetics that adequately describe the adsorption process, adsorption data 
has to be fitted to existing kinetics models. Several kinetic models can be tested such as 
pseudo-first (PFO), pseudo-second order (PSO), Elovich, and Intra-particle diffusion as 
shown in Table 3. 
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Table 3.Kinetic models and their equations 
Model Non-linear form Parameters 
Pseudo-first order 𝑑qt
dt
= k₁(𝑞𝑒 − 𝑞𝑡) 
qt (mg.g
-1): amount of solute adsorbed 
per unit weight of solid at time (t). 
qe (mg.g
-1): Amount of solute adsorbed at 
equilibrium 
t(min): time  
K1 (min
-1): PFO rate constant 
K2 (g.mg
-1.min-1): PSO rate constant  
α (mg.g-1.min-1): Rate of chemisorption 
at zero coverage 
β (g.mg-1): Extent of surface coverage 
k3: Intra-particle diffusion constant 
Pseudo-second order 𝑑𝑞𝑡
dt
= k₂(𝑞𝑒 − 𝑞𝑡)² 
Elovich 𝑑qt
dt
= α . exp ( −β𝑞𝑡 ) 
Intra-particle 
diffusion 
𝑞𝑡 = 𝑘3√𝑡 
 
Kinetics of adsorption process can be divided in four consecutive steps as shown in Figure 6. 
 
Figure 6. Steps of adsorption kinetics 
 Step 1: Transport of the adsorbate from the bulk liquid phase to the boundary layer 
localized around the bio-adsorbent particle. 
 Step 2: Transport through the boundary layer to the external surface of the bio-
adsorbent, termed film diffusion or external diffusion. 
 Step 3: Transport into the interior of the bio-adsorbent particle (termed intra-particle 
diffusion or internal diffusion) by diffusion in the pore liquid (pore diffusion) and/or 
by diffusion in the adsorbed state along the internal surface (surface diffusion) 
 Step 4: Energetic interaction between the adsorbate molecules and the final adsorption 




Thermodynamic is the consequence of the adsorption process, it can help to identify whether 
the sorption process follows physisorption or chemisorption mechanisms and whether it is 
spontaneous or non-spontaneous. It investigates also the range of temperature at which the 
adsorption process is favourable or unfavourable. Further, investigations of thermodynamic 
parameters are also helpful in the adsorption process optimization and alteration [97]. For 
these purposes, thermodynamic parameters such as free energy change (ΔG°), enthalpy 
change (ΔH°) and entropy change (ΔS°) should be calculated. It is possible to calculate these 
parameters by using Eq. (2) and Eq. (3): 
 
Δ𝐺0 = −𝑅 𝑇 𝑙𝑛𝐾𝑑                                                              (2) 
 






                                                               (3)       
 
where: T is the absolute temperature in kelvin and R is the gas constant (8.314 J.mol-1.K-1).  
Kd presents the distribution coefficient for the adsorption and it was obtained by plotting 
ln(qe/Ce) against Ce, and extrapolating Ce to zero, then the value obtained was multiplied by 
1000 as proposed by Milonjić [98]. Values of ΔH° and ΔS° can be  determined from slope and 
intercept of the linear plot of (ln Kd) versus (1/T) as shown in (Figure 7).  
 
Figure 7. Example of linear plot of ln(kd) versus (1/T). 
The sign of ΔG0 helps to predict either if the adsorption process is thermodynamically feasible 
or non-feasible, if ΔG0 < 0, then the adsorption process is always feasible and spontaneous, 
while if the ΔG0 > 0, then the adsorption process is non-feasible and non-spontaneous. On the 
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other hand, if ΔH0 is positive then the process is endothermic in nature and if it is negative 
then the process is exothermic. The positive value of ΔS0 indicates an increase in the degree 
of freedom (or disorder) of the adsorbed species [99]. 
2.3 Pomegranate peel as bio-adsorbent  
The pomegranate (Punica granatum) is one of the most widely consumed and cultivated fruit 
in the world thanks to its pleasant taste, high nutritional content and health benefits [100]. The 
estimated world production of pomegranate was around 3.8 million metric tons in 2017. It is 
expected that this volume will increase continuously because of the greater interest for 
increasing the cultivation and industrialization of this fruit, especially in countries known as 
the most important producers including India, Iran, Turkey, China, United States of America, 
Egypt, Spain, Italy, Tunisia, Morocco, Argentina, Brazil, Australia and others [101]. This fruit 
is popularly consumed either fresh or processed into new products such as juice, jams, wines,  
flavouring and colouring agent, concentrates and jellies [102]. In view of the huge world 
production of pomegranate and considering that pomegranate peel (PP) comprises between 35 
to 50% of the total fruit weight, approximately 1.5 million tons of PP is produced annually 
which presents an environmental burden [103,104]. However, PP is recognised as an 
important source of minerals especially potassium, calcium, phosphorus, magnesium, sodium, 
complex polysaccharides in addition to diverse bioactive chemical compounds such as 
phenolics, flavonoids, proanthocyanidin compounds, ellagitannins, punicalin, gallagic acid, 
ellagic acid and glycosides [105]. Therfore, PP is considered as one of the most valuable by-
product in the food processing industry [106].  
As shown in Table 4, PP holds several valuable compounds, therefore, development of an 
appropriate valorisation approach would not only protect the environment but also promote a 
“win-win” solution by creating a bio-economy under sustainable development principles 
[107]. Various valorisation methods have been developed for full exploitation and use of PP 
in various fields. Traditional methods are mainly the direct use as animal feed [108,109], bio-
fertilizer [110] and compost [111]. While most of recent researches have focused on the 
phenolic content and antioxidant activity of PP. Therefore, It was exploited  for recovery of 
several beneficial compounds such as essential oils [112,113], food additives [114,115] as 
well as cosmetic and medicinal products [116,117]. In addition, PP was converted into energy 
and value-added products such as bioethanol [118] and biogas [119,120], however, process 
complexity and elevated costs limit these methods.  
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Table 4. Chemical composition of PP [121] 
Element or compound Amount 
C (g.kg-1)  400.9 
N (g.kg-1)  11 
C/N       39.1 
Moisture (g water/ g dry weight) (%) 7.06±0.07 
Proteins (%) 3.26 ± 0.14 
Fat (%) 3.31 ± 0.05 
Minerals (mg.g-1) 30.96 
Crude fibres (%) 34 
Ash (%) 3.31 ± 0.05 
Carbohydrates (%) 86.52±0.18 
Phenolic acids (μg.g-1) 
Gallic   
Chlorogenic  
Caffeic  






Hydrolysable tannins (g.kg-1) 27-172 
Pectin (%) 8.1 ± 3.5 
Essential oils (% w/w) 0.20 
Glucose (% Dry matter) 27.94 
Fructose (% Dry matter) 32.29 
 
Nowadays, there is a trend toward using PP as bio-adsorbent for heavy metals, dyes and other 
contaminants removal due to several advantages that present this management method [122]. 
Numerous studies have investigated the use of PP as bio-adsorbent due to the large extent of 
functional groups present in its surface, namely –OH and –COOH groups [123]. In most of 
these studies, PP can be effectively used either in raw and modified form or as activated 
carbons (AC) to eliminate contaminants such as heavy metals and dyes. However, it is 
believed that the potential application of PP as bio-adsorbent has not been fully explored. 










Table 5. Possible applications of PP for heavy metals and/or pollutants removal from 
wastewaters / process waters 














Pb (II) 19.23 mg.g-1 [125] 




 209.7 mg.g-1 
[126] 
2,4 dichlorophenol 65.7 mg.g-1 [127] 
malachite green 31.45 mg.g-1 [128] 
crude oil 92 % removal [129] 
Modified PP 
 
Pb (II) 27.5 mg.g-1 [130] 
Cr(VI) 22.28 mg.g-1 [131] 
PO4
3- 40.21 mg.g-1 [132] 
PP active carbon Cd (II) 22.72 mg.g-1 [133] 
Fe (II) 18.52 mg.g-1 [134] 
Zn (II) 89 % removal [135] 
direct blue-106 dye 90 % removal [136] 
blue reactive dye 94 % removal [137] 
NI (II) 10.82 mg.g-1 [138] 
Ni (II) 52 mg.g-1 [139] 
Pb(II) 
Cu(II) 
>90 % removal [140] 
 
2.4 Application of nutrient-loaded bio-adsorbents for soil fertilization: 
The direct use of nutrient-loaded AFW as fertilizers present an innovative and eco-friendly 
approach for the sustainable management of nutrients sources and the cost-effectivity of the 
adsorption technology. This strategy ensure the valorization of AFW as an alternative to 
chemical fertilizers due to their widespread availability, biodegradability, and nutrient 
adsorption capacity. Furthermore, AFW are already used to improve soil fertility [141], 
therefore, they are a suitable substrate to be loaded with nutrients, and compared to 
conventional fertilizers, they offer several advantages such as soil-deliverability, controlled 
nutrient release, fewer adverse effects, biocompatibility, and excellent nutrient use efficiency 
[142]. However, despite the aforementioned advantages, few researchers investigated the 
application of AFW as fertilizer after adsorption of nutrients. For this purpose, nutrient-loaded 
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AFW need to be explored further upon their relevant properties, such as nutrient loading 
capacity, nutrient release rate, adaptability to soil conditions and more importantly their 
potential toxicity before they can be applied successfully and safely as fertilizer [142]. 
Robalds and coworkers have used a peat-based biosorbent for phosphate removal and then 
they tested the phytotoxicity of the spent sorbent as organic fertilizer for further use in 
agricultural land application [143]. Wheat straw was used by three different researchers for 
ammonium and phosphate recovery and then it was tested as slow-release fertilizer [144–
146]. Tuhy and coworkers  have investigated the use of spent mushroom for the same aim 
[147]. In addition to the above materials, biochars prepared from AFW were also tested as 
fertilizer after adsorption of nutrients. Shang and coworkers used biochar derived from 
sawdust as an effective N-fertilizer after adsorption of ammonium [148]. Biochar derived 
form corn cobs was also examined as a soil conditioner after ammonia adsorption [149]. In 
another study, Yao and coworkers  prepared an engineered biochar from tomato tissue for 





















The overarching aim of this Ph.D. thesis is to produce an efficient bio-adsorbent from AFW 
for NH4
+ and PO4
3- removal and recovery from aqueous solutions. Such study can potentially 
open up the door for a sustainable and green wastewater treatment technology that involves 
wastewater recycling, nutrients recovery and AFW revalorization.  
In order to attain this goal, the following specific objectives have been drawn: 
 Conducting a preliminary screening experiments using batch adsorption method in 
order to test the ability of several AFW to remove NH4
+ from model solution. 
 The focus will be laid on the material that will show the most promising results among 
AFW tested.  
 Investigating the physicochemical properties of the selected AFW using the appropriate 
techniques and methods. 
 Identification of the influencing parameters on NH4+ biosorption from model solution 
by the selected AFW using batch adsorption method.  
 Determination of kinetic and isotherm models that adequately describe mechanisms 
and properties of NH4
+ biosorption from model solution by the selected AFW. 
 Verification of the efficiency of the selected AFW to remove NH4+ from a real 
wastewater using batch adsorption method. 
 Identification of the influencing parameters on NH4+ biosorption from real wastewater 
by the selected AFW. 
 Determination of kinetic and isotherm models that adequately describe mechanisms 
and properties of NH4
+ biosorption from real wastewater by the selected AFW. 
 Searching for suitable activation method able to enhance the adsorptive characteristics 
of the selected AFW for PO4
3- removal and recovery. 
  Investigating the new physicochemical properties of the activated AFW. 
 Identification of the influencing parameters on PO43- biosorption from model solution 
by the activated AFW using batch adsorption method.  
  Determination of kinetics, isotherm and thermodynamics of PO43- biosorption by the 
activated AFW. 




4 Materials and methods 
4.1 Bio-adsorbents preparation  
Seven AFW were collected, including pomegranate peel, banana peel, wheat husk, compost, 
poplar bark, wheat bran and sugar beet pulp. Samples were cut into small pieces and washed 
with distilled water several times to remove dust and impurities, then they were oven dried at 
110 °C for two hours. Finally, dried materials were crushed and grinded to desired particle 
size (< 250 μm). 
4.2 Activation of PP 
The activation of PP was done using an approach similar to that of Nguyen and coworkers 
based on iron loading method  in order to improve PO4
3- removal ability [151]. The first step 
of this activation method was the base treatment or saponification, where 40 g of PP was 
stirred with 1 L of a NaOH solution (0.05 M) at room temperature for 24 h and then washed 
several times with distilled water until the pH of washing solution became neutral. The 
saponification step aimed to improve the cationic exchange capacity of PP and promote the 
incorporation of iron ions (Fe3+) on its surface. The second step was the iron loading, where 
the saponified PP was stirred with 500 mL of iron chloride (FeCl3) solution (0.25 M) at room 
temperature for 24 h. Finally, the iron-loaded PP (IL-PP) was carefully washed with distilled 
water again and oven-dried at 105°C for 8 h, and then, it was mechanically milled with a 
planetary ball mill to the desired size (< 250 µm) before use in the adsorption experiments. 
The NaOH and FeCl3 solutions were prepared by dissolving specific amounts of NaOH and 
FeCl3·6H2O in deionized water. 
4.3 Preparation of stock solutions 
Stock solution of NH4
+ was prepared by dissolving 1000 mg of anhydrous ammonium 
chloride (NH4Cl) in 1L of deionized water then it was diluted to desired concentrations using 
distilled water. The same method was followed for PO4
3- stock solution preparation using 
anhydrous di-sodium hydrogen phosphate (Na2HPO4). Initial pH value of solutions was 
adjusted using NaOH or HCl (0.1 M). All the chemicals used in this thesis were A.C.S 
certified and obtained from Merck Company (Germany). 
4.4 Screening experiments 
The screening experiments were performed according to the batch method (appendix 2) using 
100 mg of each sample and 60 mL of NH4Cl solution with initial NH4-N concentration of 30 
mg.L-1. The system was shaken at 100 rpm and at room temperature until equilibrium. To 
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compare the efficiency of AFW tested for NH4
+ removal, residual solutions were filtered 
using 0.45 μm microporous membrane filters. NH4-N concentration was determined by 
spectrophotometer Spectroquant Nova 60 (Merck, Germany), using test kits that are 
automatically identified and the measurement value can be immediately read off from the 
display. NH4




∗ 100                 (4) 
where Ci and Cf are the initial and final NH4-N concentrations in solution, respectively. 
4.5 Characterization of PP 
4.5.1 Particle size distribution and porosity 
The particle size distribution of PP were determined using laser particle size analyzer in dry 
mode Horiba LA-950V2 (Horiba, Japan). From the measured data, the computer calculated 
the particle size distribution according to the Fraunhofer theory. Measurement range of the 
analyzer is between 10 nm and 3 mm. 
Porosity is a term that is often used to indicate the porous nature of solid material and is more 
precisely defined as the ratio of the volume of accessible pores and voids to the total volume 
occupied by a given amount of the solid. Porosity of PP was determined using automated 
mercury porosimeter AutoPore IV 9500 Series (Micromeritics, USA). This device 
characterizes material’s porosity by applying various levels of pressure to a sample immersed 
in mercury then the pressure readings are converted to pore diameter by means of the 
Washburn equation or by another model. This method is called mercury porosimetry or often 
“mercury intrusion.” 
4.5.2 Zeta potential 
Zeta potential measurement is a widely used technique for the quantification of the electric 
double layer charge responsible for electrostatic interactions between the adsorbent’s surface 
and the adsorbate. Zeta potential of PP and IL-PP were determined using 10 mg suspensions 
mixed in bottles containing 30 ml of NH4Cl, sodium chloride (NaCl) and Na2HPO4 solutions 
at different concentrations and pH values. After mixing, equilibrium pH of samples was 
measured and adjusted then zeta potential was measured by zetasizer Nano Zs, (Malvern, UK) 
using electrophoretic light scattering (ELS). All samples were prepared in triplicates and the 
average of measurements was used for data analysis.   
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4.5.3 FT-IR ATR analysis  
PP and IL-PP surfaces were investigated using FTIR-ATR analysis. This technique is widely 
used to observe functional groups present in the material’s surface. The instrument for 
recording the spectra was spectrophotometer Bio-Rad Digilab Division FTS-65A/896 (Bio-
Rad, USA) with 4cm−1 resolution. The 4000–400 cm−1 wavenumber range was recorded and 
256 scans were collected for each spectrum. In addition to the spectra of each sample, single 
reflection of diamond ATR accessory measurements were taken.  
4.5.4 Scanning electron microscope SEM 
SEM was used for imaging the microstructure of PP and IL-PP to observe the variations on 
their surface morphology. For this purpose, samples were analysed using Hitachi S-4700 type 
II scanning electron microscope (Hitachi, Japan). For the production and acceleration of the 
electron beam, a cold field emission gun and 10 kV acceleration voltage were applied, 
respectively. The micrographs were recorded by collecting secondary electrons with an 
Everhart–Thornley detector.  
4.5.5 Batch adsorption studies 
Batch adsorption method was used in order to study the equilibrium characteristics of NH4
+ 
adsorption by PP from NH4Cl solution and milking parlour wastewater (MPWW). The first 
series of experiments were carried out to assess the effect of parameters such as initial NH4
+ 
concentration, pH, adsorbent dose, stirring speed, temperature and contact time using the one 
factor at a time method (OFAT). For the measurement of NH4-N
 concentration, method used 
in the screening experiments was followed and NH4
+ removal rate was calculated using Eq. 
(4). The adsorbed amount of NH4-N was calculated using Eq. (1) cited in the in literature 
review section where Ci (mg.L
-1) and Ce (mg.L
-1) are the initial and equilibrium NH4-N 
concentrations in solution, respectively. V (L) is the solution volume and m (g) is the mass of 
PP.  
For isotherm and kinetics modelling, data were fitted to the existing models using linear 
method and the best-fit models were selected based on the highest correlation coefficient (R2) 
and agreement of experimental data with calculated parameters. 
Batch adsorption method was also used for studying the adsorption of PO4
3- from model 
solution by IL-PP. However, to identify the influencing and optimum parameters for higher 
PO4
3- removal, factorial design using Minitab19 software was applied.  
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Spectrophotometry method using Spectroquant Nova 60 (Merck, Germany) was also used for 
the determination of (PO4-P) concentration. Before measurements, samples were filtered 
through 0.45µm microporous membrane. 
Removal rate of PO4
3- was calculated using Eq. (4) where Ci (mg.L
-1) and Cf (mg.L
-1) are 
initial and final PO4-P concentrations in solution, respectively. Similarly, the adsorbed 
amount of PO4-P was calculated using Eq. (1) where Ci (mg.L
-1) and Ce (mg.L
-1) are initial 
and equilibrium concentrations of PO4-P in solution respectively; V (L) represents the solution 
volume, and m (g) represents the mass of IL-PP. 
Optimum results obtained from batch adsorption experiments series were used for adsorption 
isotherm and kinetics determination. In order to identify isotherm and kinetic models that 
adequately describe PO4
3- adsorption by IL-PP, non-linear method was performed using the 
Solver add-in, Microsoft Excel [152]. Application of this method instead of the linear one is 
highly recommended because it provides accurate fitting results based on values of non-linear 
correlation coefficients (R2) and chi-square (χ2) that can be calculated using Eq. (5) and Eq. 
(6), respectively:  
                                        χ2 = ∑
(qe,exp−qe,cal)²
qe,cal
                                     (5)     





            (6) 
Where: qe,exp (mg.g
-1) is the amount of PO4-P uptake at equilibrium , qe,cal (mg.g
-1) is the 
amount of PO4-P uptake achieved from the model using the Solver add-in, and qe,mean (mg.g
-1) 
is the mean of the qe,exp values. 
Selection of best-fitted kinetic and isotherm model is mainly based on the value of R2, 
however, statistics of χ2 confirm this selection. When χ2 is close to zero, data obtained using a 
model are similar to the experimental data while high value of χ2 is a sign of inappropriate 
model [153].  
For describing thermodynamic properties of PO4
3- adsorption by IL-PP, thermodynamic 
parameters including ΔG°, ΔH° and standard ΔS° were calculated using the method and 
appropriate equations described in literature review section; Eq. (2) and Eq. (3). 
4.6 Milking parlour wastewater (MPWW) 
Wastewater used for NH4
+ biosorption study was sampled from a milking parlour unit near 
the city of Szeged, Hungary on 13/04/2019. A volume of 20L of MPWW was generated from 
washing operations discharges and it consists of water, cleaning chemicals, manure, and urine 
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thus this wastewater contains high levels of nutrients mainly NH4
+, along with other ions such 
as potassium (K+), calcium (Ca2+), magnesium (Mg2+), sodium (Na+) and heavy metals [154]. 
The collected volume was stored in the laboratory’s freezer before characterization and use 
for the adsorption experiments. Chemical oxygen demand (COD) was measured using the 
colorimetric method (APHA 5220D 2005). 5 days biochemical oxygen demand (BOD5) was 
determined by respirometric method at a controlled temperature of 20 °C for a 5-day-long 
period using Lovibond Oxidirect (Germany). Total nitrogen (TN) content was determined by 
Torch (Teledyne Tekmar, U.S.) combustion (HTC) type analyzer equipped with pressurized 
NDIR detector. Ammonium content was determined using spectrophotometry method by 
Spectroquanr Nova 60 (merck, Germany). Table 6 presents the main characteristics of 
MPWW used. 











4.7 Application of nitrogen-loaded PP and phosphorus-loaded IL-PP as fertilizer 
In order to evaluate the potential use of nitrogen-loaded PP (N-PP) and phosphorus-loaded IL-
PP (P-IL-PP) as fertilizer, their suitability to provide necessary nitrogen and phosphorus in 
soil without causing toxicity to plants has to be investigated. Since the wastewater used for 
nitrogen and phosphorus recovery (MPWW in our case) contain toxic compounds such as 
heavy metals, phytotoxicity tests were performed using N- PP and P- IL-PP prior that they 
can be cycled back directly to the soil as an effective fertilizer. PP loaded with nitrogen (0.5 to 
10 mg-N.g-1), and IL-PP loaded with phosphorus (0.5 to 5 mg-P.g-1) were tested for their 
phytotoxicity using germination and pot bioassays. The difference in the amount of nitrogen 
and phosphorus laden in the material is due to the fact that MPWW used for the adsorption 
experiments was taken at different time intervals. 
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4.7.1 Germination test 
In this study, the phytotoxicity effect of Raw-PP, N-PP and P-IL-PP was studied in terms of 
relative seed germination (RSG), relative root elongation (RRE), and germination index (GI) 
using rapeseed (Brassica napus L.), which is commonly used in phytotoxicity studies. Ten 
seeds of Brassica napus L. were placed and equally distributed on filter paper in 9-cm 
diameter Petri dishes. Raw-PP, N-PP and P-IL-PP were suspended in 20 mL of distilled water 
for use as a medium for seeds germination, and then 3 mL of each of the following treatments 
was added in triplicate:  
 Distilled water for the control 
 Raw-PP (0.05 %, 0.5% and 5% of dry matter) 
 N-PP (0.05 %, 0.5% and 5% of dry matter) 
 P-IL-PP (0.05 %, 0.5% and 5% of dry matter) 
 Mixture of N-PP and P-IL-PP (Mix) (0.05 %, 0.5% and 5% of dry matter) 
The petri dishes were incubated at 25°C in a dark incubator for 4 days. Seeds with visible 
roots after 4 days were counted as germinated. Root lengths were measured from the 
transition points among the hypocotyl to their extremities based on their digital images using 
ImageJ software. Then, RSG, RRE and GI were calculated using the following equations. 
 
RSG(%) =
Number of seeds germinated in the sample extract
Number of seeds germinated in the control
× 100              (7) 
 
RRE(%) =
Mean root elongation in the sample extract
Mean root elongation in the control
× 100                            (8) 
 
GI(%) =
(% Seed germination)×(% Root elongation)
100
                                            (9) 
4.7.2 Pot experiments  
An outdoor pot experiment was conducted at the Department of Biotechnology of the 
University of Szeged to examine the effects of N-PP and P-IL-PP on both vegetative and 
reproductive growth Brassica napus L. For this purpose, treatments used in the germination 
test were used also for this experiment namely: control, Raw-PP, N-PP, P-IL-PP and Mix at 3 
different doses: 0.05, 0.5 and 5% of dry matter. 15 treatments with 3 replicates were included 
so that a total of 45 pots were cultivated.  The treatments were manually mixed into Mr. 
Garden flower soil (pH: 5.5, N: 0.1% (m/m), P2O5: 0.01% (m/m), K2O: 0.03% (m/m), organic 
matter: 75% (m/m) and 70% initial water content) using a wooden stick. Then, a 2 L 
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polypropylene pot (15 cm diameter) was filled with 600 g of the prepared soil medium. 
Brassica napus L. seeds were pre-germinated for 24 h at 26 °C. Then, the germinated seeds 
were transplanted uniformly in pots (7 seeds each). Pots were then placed in a bright area 
protected from direct sunlight under natural weather conditions. Plants were watered only if 
necessary. After 32 days, plant habits of rapeseed seedlings were recorded and harvested. 
Then, the basic morphological parameters were measured including the number of leafs in 





























5 Results and discussion 
5.1 Screening results 
Results of screening experiments presented in Table 7 show that most of AFW tested have 
low efficiency in NH4
+ removal from NH4Cl solution. The removal rates using wheat bran, 
wheat husk, sugar beet pulp and bark were only 6.7%. Moreover, removal rates using banana 
peel and compost were negative; -6% and -2%; respectively. As the compost purchased from 
the market and the banana peel contain nitrogen [155,156], we can assume that these 
biomaterials release nitrogen in solution that combines with H+ to form NH4
+. Therefore, final 
concentration of NH4-N in solution is higher than its initial concentration resulting in a 
negative removal rate. However, removal of NH4
+ using PP was 36.7% effective, therefore, 
the focus will be laid on this potential bio-adsorbent. 
Table 7. Removal rates of NH4
+ by AFW tested 
AFW tested NH4
+ removal at equilibrium (%) 
Compost − 2 
Wheat bran 6.7 
Wheat husk 6.7 
Pomegranate peel 36.7 
Sugar beet pulp 6.7 
Poplar bark 4.2 
Banana peel − 6 
 
5.2 Characterization of PP and IL-PP 
5.2.1 Particle size distribution and porosity 
The particle size of the adsorbent is an important parameter indicating its surface accessibility 
[68]. PP used in this study has a particle size ranged from 10 μm to 750 μm (Figure 8a). When 
particle size decreased, the specific surface area increased, leading to better bioavailability 
and absorptivity due to the fast dissolution of functional ingredients [157].  
On the other hand, the porosity of a material affects its physical properties and subsequently 
its behaviour in its surrounding environment, especially its adsorptive characteristics. Pore 
size distribution of PP is illustrated  in Figure 8b, and it shows that PP has a low porosity 
(=22.89 %), therefore, the nature of functional groups present on in its surface will play a 
major role in its NH4




Figure 8. a. Particle size distribution of PP, b. Pore size distribution of PP 
5.2.2 Zeta potential 
Determination of zeta potential of the adsorbent at various solutions with different pH values 
and ionic strength (IS) is of high importance because it gives insights on the adsorbent’s 
surface chemistry and possible interactions with the adsorbate [159]. Zeta potential 
measurement showed that PP’s surface is negatively charged in the studied range of pH and 
NH4Cl concentrations. The value of zeta potential decreases from -10.4 mV to -16.5 mV 
when pH increased from 3 to 7 (Figure 9a). This negatively charged surface represents the 
driving force for electrostatic interaction with cations present in the solution thus it 
contributes to the ability of PP to attach NH4
+. Similar observations were made on the 






















increases from -21.1 mV to -6.2 mV when NH4Cl concentration increased from 1 to 75 
mmol.L-1 as shown in (Figure 9b). This behaviour can be explained by the accumulation of 
NH4
+ on PP’s surface and thus negatively charged functional groups are neutralized. These 
results suggest that electrostatic interaction is one of the mechanisms involved in the sorption 
of NH4























On the other hand, IL-PP showed a positive zeta potential in NaCl solution (IS=10) over the 
entire studied pH range (from +5.8 mV at pH 3 to +16.1 mV at pH 9) compared to PP that 
showed negative values (from -26.7 mV at pH 3 to -30.6 mV at pH 9) as illustrated in Figure 
10a. These results indicated that PP’s surface became positively charged after incorporation of 
Fe3+. Moreover, zeta potential of IL-PP in Na2HPO4 solution (IS=10) decreased from +11.3 
Figure 9. a. Zeta Potential of PP as function of pH (NH4Cl Concentration=10 mmol.L
-1), 


























































mV to -31.8 mV when pH increased from 3 to 9 and the isoelectric point can be interpolated 
at pH 5.4 meaning that IL-PP surface has excess negative charge for pH > 5.4 and excess 
positive charge for pH <5.4. The decrease in surface charge can be explained by the 
neutralization of Fe3+ present in IL-PP surface by PO43-. However, in NaCl solution, Cl- 
cannot neutralize IL-PP surface because there is no chemical interaction between Cl- and Fe3+ 
[161], therefore, specific adsorption mechanism rather than a simple electrostatic attraction is 
expected between IL-PP surface and PO4
3-.On the other hand, zeta potential of IL-PP 
decreased when Na2HPO4 concentration increased as shown in Figure 10b, which can be 
explained by the compression of the diffuse layer and as a result more PO4
3- anions are 
attached to this layer. These results are in agreement with findings of Nechifor and cowrokers 
in a study investigating the adsorption kinetics and zeta potential of phosphate and nitrate ions 


















































Figure 10. a. Zeta potential of PP and IL-PP in NaCl and Na2HPO4 solution as function of pH,   
b. Zeta potential of IL-PP in different Na2HPO4 solution concentrations 
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5.2.3 FTIR- ATR analysis  
FTIR spectra of PP before and after adsorption of NH4
+ were used to investigate the 
functional groups present on PP’s surface and to assess the occurred changes after adsorption 
of NH4
+. As illustrated in Figure 11a and Table 8, FTIR spectra of PP display a number of 
absorption peaks ranging from 400 to 4000 cm−1, indicating the complex nature of this 
biomaterial. The observed bands in PP’s surface agree with similar FTIR studies on functional 
groups present in PP [163,164]. Two significant differences can be seen between the 
spectrums of PP before and after NH4
+ adsorption. These changes are presented by two new 
well-separated peaks v2 and v4 appeared at 1656 cm
−1and 1370 cm−1, respectively. These 
variations belong to the stretching vibrations of N-H [165], which confirms the uptake of 
NH4
+ by PP. 
Table 8. FTIR analysis of PP (before and after NH4
+ adsorption) and IL-PP (before and after 
PO4
3− adsorption). 
Adsorption band (cm−1) Assignment 
PP PP after NH4
+ 
adsorption 
IL-PP IL-PP after PO4
3− 
adsorption 
3323 3310 3306 3327 –OH and N–H 
2931 2920 2918 2924 C–H, –CH3, or –CH2 
1719 1720 – – C=O and C–C 
– 1656 – – N-H 
1615 – 1617 – C=C, C=O, or N–H 
– – – 1601 Fe-P 
1442 – – – –OH 
– 1370 – – N-H 
1320 – 1313 1318 C–H, –CH3, or –CH2 
1223 1215 – – O–H 
1031 1030 1030 – C-O and C-O–C 
876 – – – O–H, C=O, and O–H 
– – 801 – Fe–OH 
747 – – – C–N 
 
Likewise, FT-IR spectra of IL-PP before and after PO4
3- adsorption were also analyzed to 
confirm the incorporation of Fe3+ onto PP’s surface and the adsorption of PO4
3- by IL-PP 
(Figure 11b). Spectra of IL-PP showed important changes characterized mainly by the 
appearance of a new peak at 801 cm−1, which was previously assigned to (Fe–OH) band by Li 
and coworkers [154], in addition to disappearance of several bands (1724 cm-1, 1440 cm-1, 
1225cm-1, 875 cm-1 and 748 cm-1), which confirms the incorporation of Fe3+ onto PP’s 
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surface. On the other hand, spectra of IL-PP after PO4
3- adsorption shows the appearance of a 
new peak at 1601 cm−1, that was attributed by Carvalho and coworkers to the bending 
vibration of Fe–P [166], and therefore confirms PO4






















5.2.4 SEM results 
SEM micrographs shows the surface morphology of PP and IL-PP at the same magnification 
power (50,000×). The texture of PP’s surface was flat and smooth (Figure 12a), however, IL-
PP showed much rougher surface with coarser texture (Figure 12b). Apparently, inner surface 
of PP was changed after modification, which is in accordance with the results of FT-IR 
analysis and proves that Fe3+ was successfully incorporated in PP’s surface. 
b 
a 
Figure 11. a. FTIR of PP before (A) and after adsorption of NH4
+ (B), b. FTIR spectrum of PP 




5.3 Biosorption of NH4+ from NH4Cl solution using PP 
Among AFW tested, PP showed the most promising results, and as we have seen in literature 
review section, there are many studies investigating the use of PP for the removal of 
contaminants from aqueous solutions such as heavy metals and dyes, but no study was 
conducted before on the application of PP for NH4
+ removal. Therefore, this study focused on 
the use of PP to remove NH4
+ from model solution in order to understand general aspects of 
NH4
+ biosorption by determining the influencing parameters, kinetic, and isotherm of the 
process. 
5.3.1 Effect of initial NH4-N concentration 
The effect of initial NH4-N concentration on NH4
+ removal by PP was studied employing 
different initial concentrations (5, 30, 60, and 90 mg.L-1) while other parameters were kept 
constant (pH 4, 100 mg of PP, stirring rate of 100 rpm and contact time of 120 min). It is clear 
from Figure 13 that the removal rate decreased by increasing initial NH4-N concentration. 
Maximum removal rate was 88% at an initial concentration of 5 mg.L-1, indicating a high 
affinity of active sites present in PP’s surface for NH4
+. Low concentration gives  enough  
time for NH4
+ to bind to active sites present in PP’s surface with a slower mass transfer 
coefficient, while increasing NH4-N concentration leads to an increase in the adsorption 
driving force, therefore, active sites are rapidly occupied and PP’s surface became saturated 
which in turn leads to a fast breakpoint. However, the amount of NH4-N adsorbed per unit 
Figure 12.a. SEM of PP, b. SEM of IL-PP 
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mass of adsorbent (qe) decreased due to its low concentration in solution. Similar results were 
found for NH4
+ removal by zeolite [167]. 
 
Figure 13. Effect of initial NH4-N concentration (pH 4, 100 mg of PP, stirring rate of 100 rpm 
and contact time of 120 min). 
5.3.2 Effect of solution pH 
To study the effect of pH, experiments were performed in solutions with different pH values 
(3, 4, 5, 6 and 7) and fixed values of other parameters (100 mg of PP, stirring rate of 100 rpm, 
contact time of 120 min and initial NH4-N concentration of 30 mg.L
-1). The initial solution pH 
plays a critical role in the adsorption processes as it affects both adsorbate and adsorbent 
characteristics and behaviours, especially in adsorption involving charge–charge interactions 
[95].  
 
Figure 14. Effect of pH (initial NH4-N concentration of 30 mg.L
-1, 100 mg of PP, stirring rate 
























































In acidic solutions, more protons H+ are present and they compete effectively with NH4
+ to be 
adsorbed by active sites present in PP’s surface, however, this study shows negligible effect 
of pH with maximum removal at pH 4 (=51%) as shown in Figure 14. This negligible effect 
could be explained by the large extent of -COOH and -OH groups in PP surface leading to a 
large number of possible interactions with NH4
+ and H+. Results obtained in this study are in a 
good agreement with those reported in a previous study using PP for heavy metals removal 
[168]. 
5.3.3 Effect of PP dose 
The effect of adsorbent dose was studied by varying the used mass of PP and keeping other 
parameters constant (pH 4, initial NH4-N concentration of 30 mg.L
-1, stirring rate of 100 rpm 
and contact time of 120 min). Increasing PP dose from 100 to 400 mg shows a remarkable 
increase in NH4
+ removal rate from 47.67% to 97.33%, respectively (Figure 15). This effect 
can be explained by the fact that increasing the amount of PP provides more active sites for 
NH4
+ binding [86]. 
 
Figure 15. Effect of PP dose (pH 4, initial NH4-N concentration of 30 mg.L
-1, stirring rate of 
100 rpm and contact time of 120 min) 
5.3.4 Effect of stirring rate 
Stirring rate present the physical driving force in the batch adsorption method. The removal 
rate of NH4
+ by PP at different stirring rate (from 100 to 500 rpm) and fixed values of other 
parameters (pH 4, initial NH4-N concentration of 30 mg.L
-1, 100 mg of PP and contact time of 
120 min) is shown in Figure 16. The maximum removal rate was 47.67% at 100 rpm and 
decreased slightly to 43% when the stirring rate was increased to 500 rpm. This reduction is 



























+ present in solution to meet active sites present in PP’s surface and led bound NH4
+ to be 
released again. Similar effect was observed by Fauzia and coworkers for the adsorption of 
tatrazine by using Annona muricata L seeds  [169]. 
 
Figure 16. Effect of stirring rate (pH 4, initial NH4-N concentration of 30 mg.L
-1, 100 mg of 
PP and contact time of 120 min) 
5.3.5 Effect of contact time 
The effect of contact time was measured in a system with an initial NH4-N concentration of 
30mg.L-1, pH 4, 400 mg of PP and stirring rate of 150 rpm. The time progress of NH4
+ 
adsorption by PP can be divided on three phases as shown in Figure 17.  
 
Figure 17. Effect of contact time (initial NH4-N concentration of 30mg.L
-1, pH 4, 400 mg of 













































The process starts with an initial phase which is rapid and characterized by high removal rate 
(92.33% within 10 min) due to the large availability of free active sites, mainly -COOH and -
OH groups. Then, as the contact time increases, the removal rate gradually becomes slower 
(from 95.33% at 20 min to 97.33% at 100 min) because of the slow transfer of NH4
+ to the 
internal structure of PP, this phase is known as the intermediate phase. Finally, the removal 
rate reached a constant value (97.33%) after 120 min where no more NH4
+ was removed from 
the solution because of the saturation of free active sites, this phase is known by equilibrium 
phase. 
5.3.6 Process modeling  
Isotherm  
Isotherm of NH4
+ biosorption by PP was evaluated through series of batch adsorption 
experiments using different doses of PP and a constant initial NH4-N concentration. The 
resulting data was interpreted through a curve relating the adsorbed amount of NH4-N on PP’s 
surface (qe) to its equilibrium concentration in the solution (Ce) (Figure 18).  
 
Figure 18. Isotherm of NH4
+ biosorption by PP 
Langmuir and Freundlich models were tested to identify the model that adequately describes 
the biosorption of NH4
+ by PP. Table 9 presents parameters and R2 values of both models. 
According to the value of R2, Langmuir isotherm fits the best with the experimental data 
(Figure 19). This model assumes that the adsorption process is localized and controlled by 
monolayer coverage of the adsorbent surface and all adsorption sites possess equal affinity for 
the adsorbate [95]. Furthermore, intermolecular attractive forces diminish rapidly with 

























Table 9. Parameters and properties of Langmuir and Freundlich models 





















kF =  4.04 




Figure 19. Langmuir model 
The constant kL of Langmuir model can be obtained from Langmuir graph and it is an index 
of affinity between the adsorbent and adsorbate [171]. In this case, kL= 3.01 which means that 
PP has a high affinity towards NH4
+. While, the parameter RL which is recognized as the 
separation factor can be calculated using Eq. (10). 
                              RL = 1/(1 + kLCi)               (10) 
Value of RL obtained is 0.01 which is very low and indicates that the biosorption of NH4
+ by 
PP is favourable [172]. 
Kinetics 
In order to study kinetics of NH4
+ biosorption by PP, the change in NH4-N concentration over 
time was followed and measured by taking samples at defined time intervals. The resulting 
kinetic curve is shown in Figure 20. This curve provides data for fitting with existing kinetic 
models. Selecting the best-fit model is based on the value of R2 and the calculated equilibrium 
R² = 0.9891




















adsorption capacity (qe,cal). Among models tested, pseudo-second order model fits the best to 
NH4
+ biosorption by PP as shown in Table 10. 
 
Figure 20. Kinetics of NH4
+ biosorption by PP (400 mg PP, 30 mg.L-1 NH4-N, pH 4, stirring 
rate100 rpm, contact time 120 min) 
Table 10. Kinetic models properties and parameters of NH4
+ adsorption by PP 
Kinetics Linear form Parameters  R2 
Pseudo-first order 𝑞𝑡
𝑞𝑒
+ ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝐾1𝑡 
k1 = 1.01 (L.min
-1) 
qe,cal = 4.28 (mg.g
-1) 
0,95 








 k2 = -3.09 (L.min
-1) 
qe,cal = 4.36 (mg.g
-1) 
0.99 
Intraparticle diffusion 𝑞𝑡 = 𝑘𝑝√𝑡 + 𝐶 k3= 0.29 (mg.g
-1.min-1) 





Pseudo-second order which is a plot of (t/qt) against (t) (Figure 21),  assumes that the 
adsorption process is governed by chemical sorption and involves sharing and exchange of 
electrons between the adsorbent and adsorbate [173].  
Intra-particle diffusion model which is a linear plot of (qt) versus (√t) was employed to 
identify the governing step in the adsorption process. As illustrated in Figure 22, the linear 
plot is not passing through the origin with low value of R2, indicating that intra-particle 
diffusion is not the rate limiting step in the biosorption of NH4
+ by PP [174]. 
 
 
























Figure 21. Pseudo-second order model 
 
 
Figure 22. Intra-particle diffusion model 
Based on all of this, it can be said that PP showed a promising NH4
+ removal of 97% within 
120 min using batch method. Maximum NH4-N uptake was 6.18 mg.g
-1 as calculated by 
Langmuir isotherm. However, investigating the biosorption of NH4
+ by PP under real 
conditions is highly required. 


































5.4 Biosorption of NH4+ from MPWW using PP 
The promising efficiency of PP to remove NH4
+ from model solution has to be proven under 
real conditions using a real wastewater. For this purpose, batch adsoption experiments using 
MPWW were perforemed. MPWW is a multi-solute system characterised by high NH4-N 
content along with different interfering ions that can compete with NH4
+ to be adsorbed by 
PP. The initial NH4-N concentration in MPWW used in this study was 80 mg.L
-1. A detailed 
study of NH4
+ biosorption from MPWW by PP would help in scaling up this method and 
presenting PP as an alternative of NH4
+ conventional adsorbents. 
5.4.1 Effect of PP dose 
The effect of adsorbent dose on the removal of NH4
+ from MPWW by PP was studied by 
using different doses of PP (1 g, 1.5 g and 2 g) while other parameters were kept constant (pH 
6, stirring rate of 300 rpm, temperature 25 °C and contact time of 120 min). Generally, NH4
+ 
removal rate increased by increasing adsorbent dose, however, the amount of NH4-N 
adsorbed per unit mass of adsorbent (qe) decreased [61]. As illustrated in Figure 23, NH4
+ 
removal rate by PP increased significantly (from 53.9% to 88.7%) when PP dose was 
increased from 1 g to 2 g due to the increase of free active sites capable for NH4
+ binding. 
Adsorbed amount of NH4-N (qe) using 1.5 g of PP was 2.49 mg.g
-1, however this amount was 
only 2.02 mg.g-1 when using 2 g of PP. Therefore, 1.5 g of PP was used for the following 
experiments. 
 
Figure 23. Effect of PP dose (pH 6, stirring rate of 300 rpm, 25 °C temperature and contact 
























5.4.2 Effect of solution pH  
The effect of pH on the biosorption of NH4
+ from MPWW by PP was investigated by varying 
the pH of MPWW to different values (3, 4, 5, 6 and 7) and keeping other parameters constant 
(1.5 g PP, stirring rate of 300 rpm, 25 °C temperature and contact time of 120 min). Optimum 
NH4
+ removal was around 81% at pH 6, as shown in Figure 24. This removal decreased by 
decreasing pH because of the presence of more protons H+ in acidic solutions. These protons 
competed effectively with NH4
+ and led to the protonation of PP’s surface, as a result, NH4
+ 
uptake by electrostatic forces decreased. However, the slight decrease in the removal rate at 
pH 7 could be attributed to the deprotonation of NH4
+. 
 
Figure 24. Effect of pH (1.5g PP, stirring rate of 300 rpm, 25 °C temperature and contact time 
of 120 min) 
5.4.3 Effect of stirring rate 
Results of investigation on the effect of stirring rate using fixed parameters (1.5 g PP, pH 6, 
25 °C temperature and contact time of 120 min) showed that the removal of NH4
+ from 
MPWW by PP varies by varying the stirring rate. The optimal removal was 80.79 % at 300 
rpm as shown in Figure 25. The increase of stirring rate to 450 rpm led to a decrease in the 
removal rate because it created turbulence that perturbs NH4
+ uptake. Likewise, lower stirring 
rate was not enough for that all NH4
+ ions encounter available active sites present in PP’s 
surface, which resulted in low NH4
+ uptake as well [169]. Therefore, a moderate stirring rate 
is required to improve the diffusion of NH4



























Figure 25. Effect of stirring rate (1.5g PP, pH 6, 25 °C temperature and contact time of 120 
min) 
5.4.4 Effect of temperature 
The effect of temperature on the removal of NH4
+ from MPWW by PP was investigated using 
three different temperatures (25, 35 and 45 °C) and fixed values of other parameters (1.5 g 
PP, pH 6, stirring rate of 300 rpm and a contact time of 120 min).  
 
Figure 26. Effect of temperature (1.5g PP, pH  6, stirring rate of 300 rpm and a contact time of 
120 min) 
The removal rate increased slightly from 81.8% to 87.2% when temperature raised from 25 to 
45°C as illustrated in Figure 26. Generally, increasing temperature of the solution improves 
the mobility of ions and the availability of active sites present in the adsorbent’s surface, thus, 



















































temperature in this study was not of high significance. Similar assumption was reported in a 
study investigating NH4
+ biosorption by posidonia oceanica fibers  [74]. 
5.4.5 Effect of contact time 
The effect of contact time was studied using optimum parameters (1.5 g PP, pH 6, 25 °C 
temperature and 300 rpm stirring rate). The graph illustrated in Figure 27 showed that 
biosorption of NH4
+ from MPWW by PP started with a rapid initial phase which was 
characterized by a high removal rate (71% within 5 min) due to the large initially available 
active sites in PP surface that mainly comprised of –COOH and –OH groups. Then, as the 
contact time increased, the removal rate slowed down due to the slow diffusion of NH4
+ into 
the internal structure of PP; this phase is known as the intermediate phase. Finally, the 
removal rate achieved a constant value (81.8% within 120 min) where no more NH4
+ was 
removed from the solution due to the saturation of free active sites known as the equilibrium 
phase. 
 
Figure 27. Effect of contact time (1.5g PP, pH 6, 25 °C temperature and 300 rpm stirring 
rate). 
5.4.6 Process modeling  
Isotherm 
Isotherm curve of NH4
+ biosorption from MPWW by PP is shown in Figure 28. Fitting 
isotherm data to mathematic functions of existing models helps to understand the interactions 
between PP’s surface and NH4
























Figure 28. Isotherm of NH4
+ biosorption from MPWW by PP 
Similarly to adsorption of NH4
+  from NH4Cl model solution,
 Langmuir isotherm offered the 
best fit to experimental adsorption curve according to the value of R2 (> 0.99), as shown in 
Table 11 and Figure 29. Therefore, assumptions made in the previous study about the 
adsorption extend and the interactions between PP’s surface and NH4
+ can be certified.  
Table 11. Parameters of Langmuir model for NH4
+ biosorption from MPWW by PP 
Isotherm qmax (mg.g
-1) kL RL R
2 
Langmuir model 2.49 0.42 0.02 0.99 
 
Value of RL obtained (=0.02) was very low and close to the value obtained for the adsorption 
of NH4
+ from NH4Cl model solution (0.01), which indicated that NH4
+ biosorption from 
MPWW by PP remain favourable. However, competition from other cations present in 
MPWW have decreased the value of kL from 3.01 for NH4Cl model solution to 0.42 for 
MPWW, wich indicates a decrease in the affinity of PP towards NH4
+. This competitive effect 
can be also recognized by the decrease of qmax value from 6.18 mg.g
-1 in NH4CL model 
























Figure 29. Langmuir isotherm 
Kinetics 
Kinetics determines the required time to reach the state of equilibrium and describes the mass 
transfer of NH4
+ from MPWW to the active sites present in PP’s surface (Figure 30).  
 
Figure 30. Kinetics of NH4
+ biosorption from MPWW by PP. (1.5g PP, 80 mg.L-1 NH4-N, pH 
6, 300 rpm stirring rate and 25°C temperature) 
Similarly to kinetics of NH4
+ adsorption by PP from NH4Cl model solution,  pseudo-second 
order kinetic model fits well with the adsorption of NH4
+ from MPWW by PP according to 
the value of R2 ( > 0.99) as shown in Table 12 and Figure 31.  




































These results approve the governance of chemisorption mechanism on the process with 
sharing and exchange of electrons between PP’s surface and NH4
+.  
Table 12. Parameters of kinetic models for NH4
+ biosorption from MPWW by PP 
Kinetics Parameters  R2 
Pseudo-second order 
model 
k2 = 0.37 (L.min
-1) 




Intraparticle diffusion k3= 0.12 (mg.g
-1.min-1) 






Figure 31. Pseudo second-order kinetic model 
 
 
Figure 32. Intra-particle diffusion model 






























For intra-particle diffusion model, the linear plots at all studied concentrations do not pass 
through the origin with a low value of R2 (=0.38) indicating that intra-particle diffusion is not 
the rate-limiting step (Figure 32). This finding is similar to results of the previous study using 
NH4Cl model solution and to another study invetigating the biosorption of NH4
+ from aqueous 
solutions onto posidonia oceanic fibers [173]. 
The results of this study have showed that using PP for NH4
+ biosorption from MPWW can 
achieve 81.8% removal and ~2.5 mg.g-1 of NH4–N uptake within 120 min. Factor with the 
highest impact on the removal efficiency was adsorbent dose, while the effects of other 
factors, such as pH, stirring rate, and temperature, were almost negligible. Therefore, PP 
provides the advantage of working in a wide range of pH levels, temperatures, and stirring 
rates. Furthermore, NH4–N adsorption capacity of PP can increase if MPWW was suitably 
pre-treated, since this study was performed using untreated wastewater rich in suspensions 
that potentially limited the uptake of NH4
+. 
5.5 Biosorption of PO43- from Na2HPO4 solution using IL-PP 
In this study, I investigated the removal of PO4
3- from model solution using PP. However, 
unlike NH4
+ biosorption, activation of PP was highly required to incorporate active sites on its 
surface able to bind PO4
3-. For this purpose, PP which originally had a negative zeta potential 
was activated using iron-loading method in order to adsorb negatively charged ions, i.e. PO4
3-. 
The new physicochemical properties of IL-PP were characterized before it was used in batch 
adsorption experiments. The next chapter gives insight into the properties and mechanisms of 
PO4
3- biosorption from model solution using IL-PP. 
5.5.1 Effect of solution pH  
Depending on the solution pH, phosphate can exist in four species: H3PO4 (pH ~ 2.15), 
H2PO4
− (2.15 < pH < 7.20), HPO4
2− (7.20 < pH < 12.33) and PO4
3− (pH ~ 12.33) [175]. As 
shown in Figure 33, removal of PO4
3- by using 100 mg of IL-PP increased from 43.5% to 
64.25 % when pH was increased from 3 to 9. At pH lower than 4, the dominant specie H2PO4
− 
is weakly favoured for adsorption by available active sites present in IL-PP’s surface and 
therefore low removal rate occurs. While, at pH values between 4 and 9 the predominant 
species are H2PO4
− and HPO4
2- and it is found that Fe3+ has strong affinity toward HPO4
2- in 
alkaline medium [90]. The interaction between HPO4
2- and Fe3+ can take place in three 
different ways: monodentate and mononuclear; bidentate and mononuclear; monodentate and 
binuclear leading to high PO4
3- uptake by IL-PP. On the other hand, the unique possibility of 
interaction for H2PO4
− anion is monodentate and mononuclear [176]. These results are in 
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accordance with the decrease in the zeta potential of IL-PP’s surface in  Na2HPO4 solution 
when the pH was increased, which indicates that more PO4
3− ions were attached to this 
surface. For each sample, the equilibrium pH value was lower than the initial pH value, which 
indicates that large quantities of hydrogen ions were produced by Fe3+ hydrolysis and reduced 
the equilibrium pH [177]. 
 
Figure 33. Effect of pH on PO4
3- removal by IL-PP (PO4-P concentration: 40 mg.L
-1, 
adsorbent dose 100 mg, temperature: 25 °C, stirring speed: 150 rpm) 
5.5.2 Determination of equilibrium time 
Figure 34 shows the equilibrium time for PO4
3− removal by IL-PP, which was studied using 
two different doses of IL-PP (100 and 150 mg) and fixed values of PO4-P concentration (40 
mg·L−1), pH (9), and temperature (25°C). Within the first 2 min, rapid PO4
3− uptake took 
place with removal rates of 51% and 76.5% for 100 and 150 mg, respectively, of IL-PP. This 
fast uptake can be explained by the presence of a large number of active sites to which a large 
amount of PO4
3− anions could attach. Afterward, the removal rate decreased as equilibrium 
was approached because of the saturation of available active sites [36]. The equilibrium state 
for PO4
3− removal was reached within 60 min. Removal rates of 64.25% and 90% were 



































Figure 34. Effect of contact time on PO4
3- removal by IL-PP (PO4-P concentration: 40 mg.L
-1, 
temperature: 25 °C, stirring speed: 150 rpm) 
5.5.3 Factorial design study 
For the determination of optimum working parameters, 23 full factorial design (three factors 
each, at two levels) was employed evaluating the effect of pH, adsorbent dosage, temperature 
and their interactions on PO4
3- removal by IL-PP. Factorial design plots such as plots for the 
main effects and interactions, Pareto chart, and normal plot for the standardized effects 
describe how the effect of one factor varies with the level of the other factors [178]. This 
technique investigates all possible combinations and verifies the accuracy of the obtained 
mathematical model through the analysis of variance (ANOVA) to achieve optimum removal 
of PO4
3−.  For this purpose, parameters such as initial PO4-P concentration (40 mg.L
-1), 
contact time (60 min) and stirring speed (150 rpm) were kept constant and the three factors 
pH, adsorbent dose, and temperature of solution were varied at two levels as given in (Table 
13). A centre point was duplicated and added to matrix in order to verify the curvature of the 
studied model. 
Table 13. Factors and levels used in the factorial design for PO4
3- removal by IL-PP 
Factor Coded 
symbol 


















61.75 62.5 63.5 64 64.25
76.5 77.8
81 82.4 83



























Factorial design matrix of parameters coded values and average of three replicates of PO4
3- 
removal rate measured in each factorial experiment  are shown in Table 14. The mean of the 
experimental results for the respective high and low levels of pH, adsorbent dose and 
temperature are shown in Figure 35. 
Table 14. Design matrix and results of 23 full factorial design for PO4








(average  %) 
1 1 -1 -1 61.08 
2 -1 1 1 87.5 
3 1 1 -1 90 
4 -1 1 -1 81.66 
5 0 0 0 71 
6 -1 -1 -1 41.16 
7 1 1 1 90.75 
8 1 -1 1 68.25 
9 -1 -1 1 49.16 
10 0 0 0 71.5 
 
 
Figure 35. Cube plots for PO4
3- removal by IL-PP 
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Table 15 presents the main and interaction effects, model coefficients, standard deviation of 
each coefficient, standard errors, Fisher test value (F-value), and probability value (P-value). 
Results showed that the effects of pH, adsorbent dosage, temperature, and (pH × Adsorbent 
dose) were significant at a 5% probability level (P < 0.05). However the effects of (pH × 
Temperature), (Adsorbent dose × Temperature) and (pH × Adsorbent dose × Temperature) 
were not significant (P > 0.05). Furthermore, the adjusted square correlation coefficient R2 
(adj) had a value of 99.96%, which indicates that the presented model perfectly fit the 
statistical model [179].  
Table 15. Estimated effects and coefficients for PO4
3- removal by IL-PP 
Term Effect Coef SE coef t-value p-value VIF 
Constant  71.195 0.125 569.56 0.001  
pH 12.650 6.325 0.125 50.60 0.013 1.00 
Adsorbent dose 32.565 16.282 0.125 130.26 0.005 1.00 
Temperature 5.440 2.720 0.125 21.76 0.029 1.00 
pH × Adsorbent dose −6.855 −3.428 0.125 −27.42 0.023 1.00 
pH × Temperature −1.480 −0.740 0.125 −5.92 0.107 1.00 
Adsorbent dose × Temperature −2.145 −1.072 0.125 −8.58 0.074 1.00 
pH × Adsorbent dose × 
Temperature 
−1.065 −0.533 0.125 −4.26 0.147 1.00 
Ct Pt  0.055 0.280 0.2 0.876 1.00 
S 0.135015 
R2 100.00% 
R2 (Adj) 99.96% 
 
In this way, PO4
3- removal by IL-PP could be expressed using Eq. (11). 
Phosphate removal% =  71.195 + 6.325 𝐴 + 16.282 𝐵 + 2.720 𝐶 − 3.428 𝐴 ∙ 𝐵 +
0.740 𝐴 ∙ 𝐶 − 1.072 𝐵 ∙ 𝐶 − 0.533 𝐴 ∙ 𝐵 ∙ 𝐶 + 0.055 𝐶𝑡 𝑃𝑡                                           (11) 
where: A (pH), B (adsorbent dose), C (temperature), AB, AC and BC (their 2- way 
interaction) and ABC (their 3-way interaction). (3< pH <9, 100 mg< Adsorbent dose < 150 
mg, 25 °C < temperature < 45°C). 
This equation describes how the experimental parameters and their interactions influence the 
response variable and thus can be used to predict responses for given levels of each parameter 
[180]. Positive values in the equation indicate that the PO4
3− removal increases when this 
effect increases. By contrast, negative values indicate that the removal rate decreases when 
this effect increases [178].  
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An analysis of variance was performed to investigate the significance of parameters affecting 
PO4
3− removal to ensure the accuracy of the model. Table 16 presents the sum of the squares 
used to estimate the effect of factors, the F-ratio (i.e., the ratio of individual mean square 
effects to the mean square error) and the P-value (i.e., the level of significance leading to the 
rejection of the null hypothesis). The results showed are in accordance with the estimated 
effects shown in Table 15 and thus confirm the accuracy of the factorial design model. 
Table 16. Analysis of variance (ANOVA) for PO4
3- removal by IL-PP 
Source DF Adj SS Adj MS F-Value P-Value 
Model 8 2610.03 1118,32 2610.03 0.015 
Linear 3 2500.19 2499.60 6667.18 0.009 
pH 1 320.05 959.50 2560.36 0.013 
Adsorbent dose 1 2120.96 6361.90 16967.67 0.005 
Temperature 1 59.19 177.40 473.50 0.029 
2-Way Interactions 3 107.56 107.54 286.84 0.043 
pH*Adsorbent dose 1 93.98 281.88 751.86 0.023 
pH*Temperature 1 4.38 13.13 35.05 0.107 
Adsorbent dose*Temperature 1 9.20 27.63 73.62 0.074 
3-Way Interactions 1 2.27 6.77 18.15 0.147 
pH*Adsorbent dose*Temperature 1 2.27 6.77 18.15 0.147 
Curvature 1 0.00 0.00 0.04 0.876 
Error 1 0.13 0.02   
Total 9 2610.15    
 
Figure 36 shows the main effects of each parameter on PO4
3− removal by IL-PP by giving the 
deviations between high and low levels of each parameter, which can help with identifying 
which parameters affect the response variable the most. A larger deviation is synonymous 
with a large effect [181]. Accordingly, adsorbent dose appears to have the greater effect on 
PO4
3- removal by IL-PP, followed by pH and then temperature that has an almost negligible 
effect.   
Figure 37 plots the interactions of the studied parameters. If the interaction lines are not 
parallel, this implies that the interaction has a strong effect, whereas parallel interaction lines 
indicate a weak effect Interpretation of interaction plot implies that if the interactions lines are 
not parallel, the interaction under control is strong and vice versa [182]. The most important 
interaction for PO4
3− removal by IL-PP appears to be (pH × adsorbent dose), followed by 
(adsorbent dose × temperature). The least important interaction was (pH × temperature), 




Figure 36. Main effects plot for PO4
3- removal by IL-PP 
 
 
Figure 37. Interaction plot for PO4
3- removal by IL-PP 
A Pareto chart is helpful for observing the relative importance of the main effects of 
parameters and their interactions. This chart can be used to evaluate the significance of effects 
on the basis of how much they exceed the reference line [183]. Figure 38 shows that 
adsorbent dose, pH, their interaction, and temerature had a significant effect because their 
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values exceeded that of the reference line (12.7, in red). However, the effects of interactions  
(adsorbent dose × Temperature), (pH × Temperature) and (pH × Adsorbent dose × 
Temperature) are not significant as their values didn’t exceed the red line.  
 
Figure 38. Pareto chart of the standardized effects for PO4
3- removal by IL-PP 
Figure 39 shows the normal plot of the standardized effects, which was used to identify the 
“real” effects. Each point on this plot was assigned to an effect. Points far from the reference 
line likely represent the greatest effect and vice versa [183].  
 
Figure 39. Normal plot of the standardized effects for PO4
3- removal by IL-PP 
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The adsorbent dose (B) had the largest effect because its point was farthest from the reference 
line (in red), followed by pH (A), their interaction (AB), and temperature (C), while the 
interactions BC, AC and ABC wre not significant. The adsorbent dose (B), pH (A) and 
temperature (C) had positive effects because their points are on the right side of the line, 
whereas their interaction (AB) had a negative effect because it is on the left side [179]. 
 Reduced factorial design model for biosorption of PO43- from Na2HPO4 solution 
using IL-PP 
The results of 23 factorial design have showed that pH (A), adsorbent dose (B), their 
interaction (AB), and temperature (C) are the factors with significant effect on the biosorption 
of PO4
3- from Na2HPO4 solution using IL-PP. On the other hand, the effect of temperature on 
removal rate between high and low level was very weak and tends to be negligible (0.25%) 
when using optimum pH (9) and adsorbent dose (150 mg), therefore for technical and cost-
effectivity reasons, a reduced model that take in consideration only the significant factors and 
neglect temperature is suggested. The new model is 22 factorial model with two factors (pH, 
and adsorbent dose) at two levels and can be described using Eq.(12): 
Phosphate removal% =  71.19 + 6.33 𝐴 + 16.28 𝐵 − 3.43 𝐴 ∙ 𝐵 + 0.06 𝐶𝑡 𝑃𝑡              (12) 
5.5.4 Process modelling 
For isotherm and kinetics modelling, optimum parameters for higher PO4
3- removal (pH (9), 
adsorbent dose (150 mg)) were used, however 25 °C temperature was preferred.  
Isotherm 
In order to select the isotherm model that adequately describes mechanisms of PO4
3- 
biosorption by IL-PP, batch adsorption results were fitted to Langmuir and Freundlich 
models. The best-fitted model was selected based on R2 and χ2 values. According to results 
shown in Table 17, biosorption of PO4
3- by IL-PP can be described by both Langmuir (R2 = 
0.98, χ2 = 0.78) and Freundlich (R2 = 0.94, χ2 = 2.62) isotherms, but the former fits better than 
the latter.  
Table 17. Isotherm models and parameters of PO4
3- biosorption by IL-PP 
Isotherm  model Parameters R2 χ2 






Freundlich  kF =  6.88 





Langmuir model assumes that the adsorption occurs on a homogenous surface through 
monolayer coverage, and conversely, Freundlich model assumes that adsorption occurs on a 
heterogeneous surface through multilayer adsorption and the adsorbed amount increases with 
increasing equilibrium concentrations. The applicability of both Langmuir and Freundlich 
models indicates the homogeneous and heterogeneous distribution of active sites on IL-PP’s 
surface and consequently the adsorption properties are likely to be complex and involve more 
than one mechanism [132]. On the other hand, Langmuir separation factor (RL=0.21) is 
between 0 and 1 and the Freundlich adsorption affinity constant (n =2.04) is between 1 and 10 
which implied a favourable biosorption of PO4
3- by IL-PP [177]. Furthermore, the value of 
1/n was below unity implying that chemisorption is the governing mechanism [172].  
Experimental isotherm model and Langmuir and Freundlich models fitting for PO4
3- 
biosorption by IL-PP are shown in Figure 40.  
 
Figure 40. Langmuir and Freundlich isotherm fitting for PO4
3- biosorption by IL-PP 
Kinetics  
In order to predict mechanisms and potential rate controlling step of PO4
3- biosorption by IL-
PP, four kinetic models were applied namely, pseudo-first-order, pseudo-second-order, 
Elovich equation and intra-particle diffusion. Calculated and experimental qe values, 
adsorption constant of each model as well as R2 and χ2 values are given in Table 18. Based on 
R2 and χ2 values and comparison between calculated and experimental qe, it was found that 
PO4
3- biosorption by IL-PP can be best described by Elovich model (R2 =0.97, χ2 = 0.007, 

























IL-PP’s surface is heterogeneous [184]. Elovich kinetics model was also postulated for PO4
3- 
adsorption by various types of adsorbents [185–187]. Experimental kinetics and Elovich 
fitting model for PO4
3- biosorption by IL-PP are illustrated in Figure 41. 
Table 18. Kinetic models and parameters of PO4
3- biosorption by IL-PP. 
Kinetics model qe,cal 
(mg.g-1) 
 





11.44 K1= 1.01 (L.min




11.85 K2 =  0.19 (g.mg
-1.min-1) 0.83 0.05 
Elovich 
equation 
12.11 α (×106)= 11.88 (mg.g-1.min-1) 











Figure 41. Experimental kinetics and Elovich model fitting for PO4
3- biosorption by IL-PP 
Thermodynamics 
Thermodynamics study determines whether the adsorption process is favourable, spontaneous 
exothermic or endothermic [188]. The change in Gibbs free energies ΔG° was calculated 
using Eq.(2) while ΔH° and ΔS° were calculated from the slope and intercept of the plot of ln 























Figure 42. Van’t Hoff plot for PO4
3- biosorption by IL-PP 
As illustrated in Table 19, ΔG° value was found to decrease from −19836 to −22235 J.mol-1 
when temperature increased from 298 to 328K suggesting a higher driving force and more 
spontaneous adsorption at high temperature [189]. Positive ΔH° value indicates that PO4
3- 
biosorption by IL-PP is endothermic in nature due to the enlargement of pore sizes and/or 
activation of the sorbent surface [190]. Positive ΔS° value (77.87 J. K-1.mol-1) indicates that 
PO4
3- has good affinity to IL-PP [191].  
Table 19. Thermodynamics parameters of PO4
3- adsorption by IL-PP. 











The efficiency of IL-PP to remove PO4
3- from aqueous solution was evaluated in this chapter. 
Results of this study present IL-PP as an efficient bio-adsorbent which could be used in a 
green technology for wastewater treatment, waste biomass management and phosphate 
recovery. However, deep investigations on the efficiency in real operating system present a 
pivotal issue. 
5.6 Application of N-PP and P-IL-PP as fertilizer 
After the successful biosorption of N and P nutrients by PP, and taking into account the 
principles of circular farming, I found that it is important to investigate the utilization of N-PP 
and P-IL-PP as a soil replacement agent, i.e. fertilizer. This approach seems to be the most 




















expedient given the need for a suitable nutrient-loaded bio-adsorbent deposit and the high N 
and P requirements of certain cultivated plants. The key issue that determines the applicability 
of this approach is related to the toxicity of the nutrient-loaded bio-adsorbents, followed by 
the determination of their effect on the growth vigor. To answer these queries, I performed the 
germination and pot tests. 
5.6.1 Germination test  
Seeds germination is a widely used phytotoxicity test, which integrates all the potentially 
harmful effects of the substances present in the sample. The RSG % recorded in Brassica 
napus L. of all treatments were high and close to control (100%) assuming no inhibitory effect 
on seed germination as shown in Figure 43. The slight reduction of RSG compared to control 
may have been due to the availability of  such as phenolic compounds, ethylene, ammonia, 
organic acids and excess accumulation of salts that may have a low phytotoxicity effect [192].  
 
Figure 43. RSG of Brassica napus L. using tested treatments. 
On the other hand RRE% of most germinated seeds were above the control (100%) and  they 
can be ordered as follow: 0.05% Mix (123%) > 0.05% and 0.5% P-IL-PP and  0.05% N-PP 
(121%)  > 0.5% N-PP (114%) > 0.05% Raw-PP (113%) > 0.5% Mix (112%) (Figure 44). 
This can be explained by the uptake of nitrogen and phosphorus by Brassica napus L. seeds 

















for use in various metabolic activities, including cell division, differentiation and elongation 
[193]. 
 
Figure 44. RRE of Brassica napus L. using tested treatments. 
The germination index (GI%) of Brassica napus L was used to evaluate the ecotoxicological 
effects of N-PP and P-IL-PP based on the rate of seed germination during the assay period 
and thus verify their suitability for agricultural purposes. A GI above 80% indicates a non-
phytotoxicity of the studied material and below 50% reveals toxicity [143,193]. The 
calculated germination indexes for all treatments studied are shown in Figure 45. The results 
showed that 5% Raw-PP significantly inhibited the seed germination (GI=8.91%), while GI of 
0.5% Raw-PP was above 50 assuming the non-toxicity of the Raw-PP at low doses. Moreover 
GI of 0.05 Raw-PP has significantly stimulated the germination rate (GI=109%) compared to 
control (100%) indicating the beneficial use of Raw-PP as fertilizer with moderates 
concentrations. The efficiency of Raw-PP as fertilizer was investigated and proven in 
different studies [194,195]. On the other hand, calculated GI of all N-PP, P-IL-PP and Mix 
treatments were above 80% except 5% P-IL-PP that showed a GI of 66% indicating the non-
phytotoxicity of these treatmenst. Furthermore, higher GI values were recorded for 0.05% N-
PP (GI=121%), 0.5% N-PP (GI=114%), 0.05% P-IL-PP (117%), 0.5% P-IL-PP (119%), 
0.05% Mix (121%) and 0.5 Mix (103%) indicating a favorable response Brassica napus L. to 
the application of the use of these materials as fertilizers during the germination phase. 



















Figure 45. GI of Brassica napus L. using tested treatments. 
5.6.2 Pot experiments 
Pregerminated seeds of Brassica napus L. were sowed in soil for phytotoxicity measurements in 
order to obtain a broader view of the phytoxicity of N-PP and P-IL-PP and to further 
understand their effects on the morphological charcteristics of Brassica napus L. seedlings. The 
treatments evaluated in this pot study were the same as those used in the germination study.  
Plant habit which is the height of the plant from the surface of the pot soil to the top of the 
highest point of the plant for every treatment was recorded as shown in Figure 46. No 
significant inhibition can be observed for plan habits compared to control (27 cm). Treatments 
with a decreased plants habits are: 0.05 Raw-PP (22cm), 0.5 Raw-PP (26 cm), 0.05 N-PP (25 
cm), 0.5 N-PP (25 cm), 0.05 P-IL-PP (23 cm) and 5% P-IL-PP (24 cm). However, the other 
treatments have positively affect the plants habits including 5% Raw-PP (32cm), 0.05% Mix 
(28cm), 0.5% Mix (29cm), 5% Mix (30cm). These results are in line with another study of 
Kangning and coworkers reporting no inhibited root elongation of maize treated by nutrient-
loaded biochar [196].   


















Figure 46. Plant habits of Brassica napus L. using tested treatments 
 
Figure 47. Number of produced leaves of Brassica napus L. using tested treatments 
On the other hand, Figure 47 showed that the number of produced leaves have been 
stimulated for all the treatments except 0.5% P-IL-PP that showed an average number of 
































leaves equal to 4.63 which is lower than control (4.80) . The number of leaves for the studied 
treatments can be ordered as follow: 0.5% Mix (5.67) > 0.05% N-PP (5.47) > 0.5% N-PP and 
0.05% P-IL-PP (5.45) > 5% P-IL-PP (5.23) > 5% N-PP (5.15) > 0.05% Mix (5.14) > 5% Mix 
(5.10) > 0.5% Raw-PP (5.05) > 5% Raw-PP (5.00) > 0.05% Raw-PP (4.90) > control (4.80). 
Brassica napus L. seedlings were also assessed in terms of root and shoot fresh weight (g). 
For this purpose, Brassica napus L. seedlings were harvested. Roots and shoots were weighted 
(roots were gently washed in order to remove all the possible soil particles, then dried using 
paper towel to avoid biases). Results presented in Figure 48 showed that all treatments have 
negatively affected the root weight except 0.5 P-IL-PP treatment that shows a root weight of 
0.55g which is higher than control (0.52g). It was expected that nitrogen and phosphorus 
invloved in the bio-adsorbent will promote the weight of roots [197], however, an inhibitory 
effect of N-loaded PP and P-loaded-IL-PP on fresh root weight was observed and can be 
explained by the imbalances in the metabolism of reactive molecules, such as reactive 
oxygen- and nitrogen-species which may influence the root growth responses [198].  
 
Figure 48. Root fresh weight of Brassica napus L. using tested treatments 
Contarirly, the plant showed positive response in term of shoots fresh weight as most of 
treatments exceeding the control (5.55g) (Figure 49). The recorded shoots fresh weight can be 
ordered as follow: 5% Raw-PP (8.60 g) > 0.5% Mix (8.49 g) > 5% Mix (7.38 g) > 0.5% Raw-
PP (7.02g) > 0.05% Mix (6.91g) > 0.5% P-IL-PP (6.62g)  > 0.05% P-IL-PP (6.59g) > 0.05% 
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Raw-PP (6.54g) > 5% P-IL-PP (6.33g) > 5% N-PP (6.23g) > 0.5% N-PP (5.83g) > 0.05% N-
PP (5.31g). This positive response can be explained by the high availability of nitrogen and 
phsophorus thus the produced shoots biomass increased wich in turn explain the decrease in 
fresh shoot wieght for 0.05 N-PP treatment. The dual effects of N-PP and P-IL-PP on roots 
and shoots fresh weights can be due to the slow release of nitrogen and phosphorus in soil and 
thus the plant need more time to uptake these nutrients and use them for its nutritional and 
metabolic needs.  
 
Figure 49. Shoots fresh weight of Brassica napus L. using tested treatments 
The roots and shoots weights were also determined following oven drying at 70 oC for 3 days. 
Results of roots and shoots dry weights are shown in Figures 50 and 51. Similarly to results of 
roots and shoots fresh weight, the plants continue to show a negative response in term of roots 
morphology as the dry weight was lower than control (0.08g) for most of treatments except 
0.5% P-IL-PP (0.09g) and 0.05% N-PP (0.084) (Figure 50). However, most of treatments 
were favorable for shoots dry weight measurements in particular the ones with high content of 
nitrogen and phosphorus (Figure 51). Significantly higher shoots dry weight than control 
(0.48 g) were observed for 0.5% Raw-PP (0.57g), 5% PP (0.69g), 0.5% N-PP (0.52g), 5% N-
PP (0.56g), 0.05% P-IL-PP (0.55g), 0.5% P-IL-PP (0.63g), 5% P-IL-PP (0.61g), 0.5% Mix 
(0.66g) and 5% Mix (0.54g). These results can be explained similarly to results of roots and 
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shoots fresh weight measurement assuming that the inhibitory effects of treatments appeared 
only in the roots while a beneficial effect is recorded in shoots. 
 
Figure 50. Roots dry weight of Brassica napus L. using tested treatments 
 
Figure 51. Shoots dry weight of Brassica napus L. using tested treatments 
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6 Conclusion  
Biosorption and recovery of nutrients from AFW provide new solutions for several 
environmental concerns particularly water shortage and pollution, nutrient sources depletion 
and solid waste deposit. This Ph.D. dissertation systematically investigated the application of 
PP as an abundant AFW to remove and recover nutrients from aqueous solutions.  
Charcterization of PP showed that this biomaterial holds promissing physicochemical 
charcteristics such as highly negative zeta potential derived from the abundance of functional 
group namely –COOH and –OH wich afford to PP not only the ability to succeffuly adsorb 
cations contaminants but also facilitate its activation with cationization method for anion 
adsorption purpose. 
Batch adsorption study of NH4
+ by PP showed that pH and adsorbent dose are parameters 
with the high effect on the process. NH4
+ removal of 97% was achieved within 120 min using 
400 mg PP at initial NH4-N concentration of 30 mg.L
-1, pH 4 and 25 °C temperature. The 
process was described by Langmuir isotherm model with a maximum NH4-N uptake of 6.18 
mg.g-1 assuming that the adsorption occurs by monolayer coverage, and the active sites 
present on PP surface hold equal affinity to NH4
+ under a chemisorption reaction according 
the pseud-second order kinetics model. 
The performance of PP under real condition was proved by studying the adsorption of NH4
+ 
from MPWW. The parameters pH and adsorbent dose continue to be the parameters with high 
effect on the process. Optimum NH4
+ removal of 81.8% was achieved within 120 min using 
1.5 g PP at pH 6 and 25 °C. Maximum NH4-N uptake was ~2.5mg.g
-1 as calculated by 
Langmuir model that was the best fitted isotherm model together with pseudo-second order 
kinetics model.  
Modification of PP using iron-loading method have successfully enhanced PO4
3- uptake due 
to the surface positive charges induced by Fe3
+. Batch adsorption study using factorial design 
method have showed that pH and adsorbent dose are the significant factors. Optimization 
results showed that 150 mg of IL-PP could achieve 90 % of PO4
3- removal with a maximum 
of 49.12 mg.g-1 of PO4-P uptake within 60 min using initial PO4-P concentration of 40mg.L
-1 
at pH 9 and 25°C temperature. Adsorption isotherm was found to follow both Langmuir and 
Freundlich models indicating the complexity of IL-PP’s surface, and the process was found to 
be governed by chemisorption according to Elovich kinetics model. 
Investigation on the use of N-PP and P-IL-PP as fertilizer have showed the non-toxicity of 
these materials through a positive response of Brassica napus L. during germination and 
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seedling phases. However further studies on other plant species have to be done in order to 
certify the suitability of N-PP and P-IL-PP for use in agricultural purposes, which will 
encourage the use of this approach particularly in regions that lack budgets for wastewater 
















































In this Ph.D. dissertation, I have investigated the biosorption of ammonium (NH4
+) and 
phosphate (PO4
3-) from aqueous solutions using pomegranate peel (PP), followed by the 
recovery of these important nutrients elements by studying the possibility of using nutrient-
loaded PP as fertilizer.  
In the introduction part, I have given an overview of water shortage and pollution issues, 
including the problems related to the excess discharge of nutrients in water bodies.  I have 
emphasized the major contribution of agriculture in these problems, which is inevitable due to 
the indispensable roles of water and nutrients in agricultural production.  Therefore, there is a 
need for a sustainable and efficient technology that combines water purification and recycling 
with nutrient recovery, especially phosphorus that is facing a serious threat to depletion.  
Among existing methods for nutrient removal and recovery, adsorption technology englobes 
all the required features and desired benefits. Furthermore, I have introduced the problem 
related to agricultural and food waste (AFW) disposal and the possibility of turning its burden 
into benefits by the use of these valueless bio-materials as bio-adsorbents for several valuable 
contaminant removal and recovery, especially nutrients. This approach works according to the 
4R principle (Reduce, Reuse, Recover and Recycle): Reduce the overuse of water sources and 
wastes, Reuse AFW, Recover nutrients and Recycle nutrients and wastewater. 
In the literature review section, I have discussed in detail the problem of nutrient release in 
water bodies by indicating their encountered forms, sources, and cycles. Afterward, I have 
presented the most relevant methods and technologies used for the removal and recovery of 
NH4
+ and PO4
3- from aqueous solutions. A focus was laid on the biosorption process that 
comes with several advantages such as simplicity, cost-effectivity, and various potential bio-
adsorbents with the possibility of their reuse for soil fertilization. I have introduced the state 
of the art of this relatively new technology. I have presented methods for characterization and 
modification of AFW, process mechanisms, influencing parameters, in addition to the 
modeling of isotherm, kinetics, and thermodynamics. I have also presented the most relevant 
attempts at using nutrient-loaded bio-adsorbent as fertilizer. Among AFW tested as bio-
adsorbent, PP, which is a valueless and widely produced fruit waste holds promising 
adsorptive characteristics in a raw and modified form or even as activated carbon/biochar.  
In line with the main aim of this Ph.D. research, which is producing an efficient bio-adsorbent 
from AFW for NH4
+ and PO4
3- removal and recovery, I have started my experimental work 
with a screening experiment using seven AFW (pomegranate peel, banana peel, wheat husk, 
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compost, poplar bark, wheat bran, and sugar beet pulp) to test their efficiency to remove NH4
+ 
from ammonium chloride (NH4Cl) model solution. Among AFW tested, PP showed 
encouraging results, therefore it was selected for a detailed analytical study using the batch 
adsorption method.  
During these studies I have explored PP in terms of its physicochemical characteristics by the 
determination of zeta potential, Fourier-transform infrared spectroscopy analysis (FT-IR), 
scanning electron microscopy (SEM), particle size distribution, and porosity. Then, I have 
investigated the effect of parameters such as pH, adsorbent dose, initial ammonium 
concentration, stirring speed, and contact time on the biosorption of NH4
+ by PP using one 
factor at time method (OFAT). I have found that the adsorbent dose and initial ammonium 
concentration were the parameters with the highest impact on the process, while the effect of 
other parameters such as pH and stirring rate was negligible. NH4
+ removal of more than 97% 
was achieved within 120 min. For process modeling, adsorption isotherm was fitted to 
Langmuir and Freundlich models using the linear method. Results showed that the process is 
well described by the Langmuir model (R2 = 0.98) with a maximum adsorption capacity of 
6.18 mg NH4-N/g. Investigations on the process kinetics showed that the system reached 
equilibrium within 120 min and can be adequately described by pseudo-second order model 
(R2 = 0.99) assuming that the process is governed by chemisorption mechanism with sharing 
and exchange of electrons between PP and NH4
+. 
Driven by the necessity to prove the efficiency of PP to remove NH4
+ under real conditions, I 
have conducted a batch adsorption study using milking parlor wastewater (MPWW), which is 
characterized by a high content of NH4
+ with other cations that are expected to effectively 
compete with NH4
+ to be adsorbed on PP’s surface. The effects of influencing parameters 
such as pH, adsorbent dose, stirring rate, temperature, and contact time were investigated 
using OFAT method to determine their optimum values for higher NH4
+ removal. Results 
showed that using 1.5 g of PP achieved 81.84% of NH4
+ removal at pH 6, temperature of 25 
°C, and stirring rate of 300 rpm within 120 min. Investigation on the process isotherm was 
done using the linear method and showed that the process was well described by the 
Langmuir model (R2=0.99) with a maximum adsorption capacity of ~2.5 mg NH4-N /g. 
Kinetics were best fitted to the pseudo-second order model that describes a chemisorption 
mechanism. A brief comparison between the efficiency of PP to remove NH4
+ from NH4Cl 
model solution and MPWW was done. The obtained results of both studies introduce PP as a 
promising bio-adsorbent for NH4
+ removal from aqueous solutions. 
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In the next study, I have investigated the application of PP for PO4
3- removal from di-sodium 
hydrogen phosphate (Na2HPO4) model solution. For this purpose, PP was activated via 
saponification using sodium hydroxide (NaOH) followed by cationization using iron chloride 
(FeCl3) to develop appropriate active sites able to attach PO4
3-. Characterization of iron-
loaded PP (IL-PP) was done using zeta potential measurement, SEM, and FT-IR analysis, 
which has confirmed the successful incorporation of Fe(III) on PP’s surface. The equilibrium 
time and the effect of pH were determined using the batch adsorption method. For 
identification of the influencing parameters such as pH, adsorbent dose, temperature, and their 
interactions, the factorial design was applied using statistical software. Effective removal of 
phosphate up to 90% was achieved within 60 min, at pH 9 and 25 °C temperature using 150 
mg dose of IL-PP. The experimental adsorption data were examined with conventional 
isotherm and kinetic models using the non-linear method. The results showed that the kinetics 
are best described by the Elovich model (R2=0.97), which assumes the dominance of the 
chemisorption mechanism and a heterogeneous surface of IL-PP. The adsorption isotherm 
obeys both the Langmuir (R2 = 0.98) and Freundlich (R2 = 0.94) models with a maximum 
phosphate uptake of 49.12 mg·g−1. Investigation of thermodynamic parameters such as the 
standard Gibbs free energy change, standard enthalpy change, and standard entropy change 
showed that the process is spontaneous and endothermic in nature. These results introduce IL-
PP as an efficient bio-adsorbent of phosphate. 
The use of nutrient-loaded bio-adsorbent as fertilizer presents the cornerstone of the 
biosorption of nutrients by AFW, therefore, investigating the application of nitrogen-loaded 
PP and phosphorus-loaded IL-PP as fertilizer was the subject of the last study in this thesis to 
provide a preliminary assessment of their suitability for land application. Ecotoxicological 
bioassays like seeds germinations and pot experiments were used to evaluate the phytotoxicity 
effect of nitrogen-loaded PP and phosphorus-loaded IL-PP on the morphological and 
physiological responses of oilseed rape (Brassica napus L.) which is commonly used for this 
purpose. Phytotoxicity was assessed through the analysis of germination index (GI), relative 
seeds germination (RSG), relative root elongation (RRE), leaf counts, and plant habit in 
addition to plant fresh and dry weight. Germination results demonstrated no inhibitory effect 
on the recorded seeds and a beneficial effect has been observed with many seeds especially 
those using low percentages of nutrient-loaded bio-adsorbent. The results of pot experiments 
also supported the safety and efficiency of nitrogen-loaded PP and phosphorus-loaded PP as a 
fertilizer for agricultural crops. 
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The use of PP in large-scale technology for nutrients removal and recovery presents a win-
win approach that combines water protection with nutrient sources preservation and AFW 
revalorization especially in developing countries known for the huge cultivation and 
processing of pomegranate fruit. While all objectives of this research thesis were answered, 
many points must be addressed for future research mainly:  
 Further study to improve NH4
+ adsorption capacity of PP is recommended.  
 Further investigation based on Fixed-bed adsorption processes is required to scale up 
the process. 
 Further improvement of PP modification in the directions of cost-saving, 
effectiveness, and environmental friendliness.  
 Examining the potential of IL-PP for PO4
3- removal and recovery from real 
wastewater to promote the large-scale application. 
 Investigation of suitable methods for regeneration of nutrient-loaded PP and IL-PP. 
 Further investigation for the production of high-quality nutrient fertilizers from 
nitrogen-loaded PP and phosphorus-loaded IL-PP. 





















Disszertációmban gránátalma héj (pomegranate peel - PP) felhasználásával az ammónium 
(NH4
+) és foszfát (PO4
3-) ionok vizes oldatokból történő bioszorpcióját vizsgáltam, majd  ezen  
fontos tápanyag-elemek visszanyerése céljából, tanulmányoztam az adszorbeátumok 
műtrágyaként történő felhasználásának lehetőségét is. 
A bevezetésben áttekintettem a vízhiány és a vízszennyezés kérdéskörét, beleértve a 
tápanyagok túlzott kibocsátásával kapcsolatos problémákat. Hangsúlyoztam a mezőgazdaság 
jelentős, megkerülhetetlen szerepét ezekben a kérdésekben, hiszen a víz maga, és az abban 
oldott tápanyagok nélkülözhetetlenek a mezőgazdasági termelésben. Ezért, olyan fenntartható 
és hatékony technológiára van szükség, amely ötvözi a víztisztítást és a tápanyagok 
visszanyerését valamint azok újbóli felhasználását. Különösen fontos ebből a szempontból a 
foszfor, mert a foszfor bányák kimerülése komoly  fenyegetést jelent napjainkban. 
Az ismert, tápanyagok eltávolítására és visszanyerésére alkalmas módszerek közül az 
adszorpciós technológia rendelkezik minden szükséges előnyös tulajdonsággal. 
Az adszoprció műveletére alapozva kifejlesztettem egy olyan eljárást, amely egyaránt 
megoldást kínál a mezőgazdasági- és élelmiszer-hulladékok (agricultural food waste - AFW) 
ártalmatlanítására, azok bioadszorbensként történő felhasználásával, valamint a 
szennyvizekből kivont értékes tápanyagok hasznosítására is.  
Az irodalmi részben részletesen tárgyaltam a tápanyagokban gazdag vizek, szennyvizek 
problémáját, bemutatva azok fellelhető formáit, forrásait és ciklusait. Ezt követően 
bemutattam az NH4
+ és PO4
3- ionok vizes oldatokból történő eltávolítására és visszanyerésére 
használt legmegfelelőbb módszereket és technológiákat. A hangsúlyt a bioszorpciós folyamat 
kapta, hiszen ez számos előnnyel jár, mint például az egyszerűség, a költséghatékonyság és a 
különböző, potenciális bioadszorbeátum műtrágyaként történő újra felhasználásának 
lehetősége.  
Ismertettem ennek a viszonylag új technológiának a legújabb kutatási eredményeit. 
Bemutattam az AFW jellemzésére és módosítására alkalmas módszereket, az adszorpciós 
folyamat mechanizmusát, a meghatározó paramétereket, valamint az adszorpció izotermáinak, 
kinetikájának és a termodinamikájának leírását szolgáló modelleket. Bemutattam a 
legrelevánsabb teszteket is, melyek alkalmasak a tápanyaggal dúsított bioadszorbensek 
műtrágyaként történő alkalmazásának kimutatására.  
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A bioadszorbensként tesztelt AFW-k közül a gránátalma héj (PP), amely a mediterrán 
országokban széles körben fellelhető értéktelen gyümölcshulladék, ígéretes adszorpciós 
tulajdonságokkal rendelkezik eredeti és módosított formában csak úgy, mint aktív szénné 
alakítva. 
A disszertációm fő célkitűzésének megfelelően –  vagyis egy hatékony, mezőgazdasági vagy 
élelmiszeripari hulladék eredetű (AFW) bioadszorbens felkutatása, amely alkalmas  NH4
+ és 
PO4
3-ion kinyerésére –, kísérleti munkámat hét különböző AFW szűrővizsgálatával 
indítottam: gránátalma héj, banán héj, búza pelyva, komposzt, nyárfa kéreg, búza korpa, 
cukorrépa szelet.  Az ammonium-klorid modell oldatból történő NH4
+ ion eltávolítási 
hatékonyság szempontjából a tesztelt hulladékok közül a gránátalma héj bíztató eredményeket 
mutatott, ezért ezt részletes analitikai vizsgálatnak vetettem alá különböző szakaszos 
rendszerű adszorpciós kísérletek segítségével. E vizsgálatok során feltártam a PP legfontosabb 
fizikai-kémiai jellemzőit zéta-potenciál meghatározásával, Fourier-transzformációs infravörös 
spektroszkópiai elemzéssel (FT-IR), pásztázó elektronmikroszkópos (SEM), részecskeméret-
eloszlási és porozitási vizsgálatokkal. 
Ezt követően OFAT (one factor at time) módszerrel (időben egy tényező választása) az NH4
+ 
ionok PP-n történő adszorpciós művelete szempontjából fontos paraméterek hatásának 
vizsgálatát végeztem el, mint például a pH, az adszorbens dózisa, a kezdeti ammónium 
koncentráció, a keverési sebesség és az érintkezési idő. Azt tapasztaltam, hogy a 
legmeghatározóbb paraméterek az adszorbens dózis és a kezdeti ammónium koncentráció, 
míg például a pH és a keverési sebesség hatása elhanyagolható. Az NH4
+ ionok 97% -ot 
meghaladó eltávolítási hatékonyságát 120 percen belül sikerült elérni. 
A folyamat modellezéséhez a mérési adatokra a Langmuir és a Freundlich féle adszorpciós 
izoterma modellt illesztettem. Az eredmények alapján megállapítottam, hogy a folyamatot a 
Langmuir-modell (R2=0,98) írja le kiválóan, itt a maximális adszorpciós kapacitás 6,18 mg 
NH4-N/g. A folyamat kinetikai vizsgálatai azt mutatták, hogy a rendszer 120 percen belül 
elérte az egyensúlyt, és a folyamat megfelelően leírható pszeudo-másodrendű modellel (R2 = 
0,99), ebből adódóan feltételezhető, hogy a folyamatot kemiszorpciós mechanizmus 
szabályozza az elektronoknak a PP és NH4
+ közötti megosztásával és cseréjével. 
A gránátalma héj ammónium-megkötő hatékonyságának bizonyítására nem csak modell 
oldatokkal, hanem valós oldatokkal is végeztem kísérleteket. Az NH4
+ ionok valós 
körülmények között végzett eltávolítását szakaszos adszorpcióval, fejőházi  szennyvizet 
(milking parlol wastewater, MPWW) alkalmazva vizsgáltam. Ennek igen magas az 
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ammónium tartalma, és e mellett más kationokban is igen gazdag, melyek várhatóan 
hatékonyan versenyeznek a PP felületén található kation-kötőhelyekért. A pH, az adszorbens 
dózis, a keverési sebesség, a hőmérséklet és az érintkezési idő, befolyásoló szerepét OFAT 
módszerrel vizsgáltam, hogy meghatározzam a paraméterek optimális értékeit a minél 
nagyobb NH4
+ eltávolítási hatékonyság elérése érdekében.  
Az eredmények azt mutatták, hogy 1,5 g PP felhasználásával 81,84% -os NH4
+ eltávolítást 
értem el pH= 6 értéknél, 25 ° C hőmérsékleten és 300 fordulat/perc keverési sebességgel, 120 
percen belül. A folyamat izotermáját lineáris módszerrel elemeztem, és kimutattam, hogy a 
folyamatot a Langmuir-modell (R2 = 0,99) írja le kielégítő módon, maximális adszorpciós 
kapacitás értéke ~ 2,5 mg NH4-N /g. A kinetika leginkább a pszeudo-másodrendű modellhez 
illeszkedett, tehát itt is kemiszorpciós mechanizmust feltételezhetünk.  
A gránátalma héj (PP), mint NH4
+ eltávolítására alkalmas bioadszorbens, hatékonyság 
vizsgálatát mind NH4Cl modell oldatból mind pedig valós, fejőházi szennyvízből elvégeztük.  
Mindkét vizsgálat a PP-t ígéretes bioadszorbensként igazolta az NH4
+ vizes oldatokból történő 
eltávolítása céljából, akár valós szennyvizekből is. 
A disszertációm második részében azt vizsgáltam meg, hogy a PP milyen módosítással tehető 
alkalmassá anionok, jelesül  PO4
3- eltávolításra, pl.  dinátrium-hidrogén-foszfát (Na2HPO4) 
modell oldatból. Ezért a gránátalma héjat elszappanosítással aktiváltam (nátrium-hidroxid 
(NaOH) segítségével, majd vas-klorid (FeCl3) alkalmazásával “kationoztam”, vagyis 
megfelelő aktív helyeket alakítottam ki, amelyek képesek a PO4
3- megkötésére. 
A vassal-módosított gránátalma héj (iron-loaded pomegranate peal - IL-PP) jellemzését zéta 
potenciál méréssel, SEM és FT-IR elemzéssel végeztem, ami megerősítette a Fe3+ ion sikeres 
beépülését a PP felületére. Az egyensúlyi idő és a pH hatásának meghatározását szakaszos 
adszorpciós módszerrel határoztam meg. A befolyásoló paraméterek, mint például a pH, az 
adszorbens dózis, a hőmérséklet hatásának és kölcsönhatásainak megállapításához faktoriális 
tervet, statisztikai szoftvert alkalmaztam.  
A foszfát ion, akár 90% -os hatékonyságú eltávolítását 60 percen belül, pH 9-nél és 25 ° C 
hőmérsékleten, 150 mg IL-PP dózis alkalmazásával értem el. A kísérleti adszorpciós adatokat 
hagyományos izotermákkal és kinetikus modellekkel vizsgáltam nem-lineáris módszerrel. Az 
eredmények azt mutatták, hogy a kinetikát legjobban az Elovich-modell írja le (R2 = 0,97), 
amely feltételezi a kemiszorpciós mechanizmus dominanciáját és az adszorbens heterogén 
felületét. Az adszorpciós izotermia kielégíti mind a Langmuir (R2 = 0,98), mind a Freundlich 
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(R2 = 0,94) modellt, 49,12 mg/g maximális foszfátfelvétel mellett. A termodinamikai 
paraméterek, például a standard Gibb’s szabad energia változás, standard entalpia változás és 
standard entrópia változás vizsgálata azt mutatta, hogy a folyamat spontán és endoterm 
jellegű. Ezek az eredmények az IL-PP-t, a foszfát ionok hatékony bioadszorbenseként 
azonosíthatjuk. 
A tápanyaggal telített bioadszorbensek műtrágyaként történő alkalmazási lehetősége a 
tápanyagok AFW általi bioszorpciójának sarokköve. Ezért a nitrogénnel vagy foszforral 
telített gránátalma héj műtrágyaként történő alkalmazásának vizsgálata volt disszertációm 
utolsó fejezete, hogy előzetes értékelést adhassak a bioadszorbeátumok  műtrágyaként történő 
alkalmazhatóságáról. 
Ökotoxikológiai vizsgálatokat, például csírázási- és növekedési-erély vizsgálati teszteket 
alkalmaztam a nitrogénnel- és foszforral telített gránátalma héj fitotoxicitási hatásának 
kimutatására. A teszthez, az erre a célra általánosan használt repce (Brassica napus L.) 
növényt választottam és mértem a morfológiai és fiziológiai válaszokat. 
A fitotoxicitást a növény friss és száraz tömege mellett, a csírázási index (GI), a relatív 
csírázás (RSG), a relatív gyökérnyúlás (RRE), a levélszám és a növény habitusának 
elemzésével értékeltem. 
A csírázási eredmények nem mutattak gátlóhatást, sőt sok esetben a csírázást segítő hatást is 
kimutatható, különösen azoknál a mintáknál, amelyeknél kis mennyiségben alkalmaztam a 
tápanyaggal telített bioadszorbenseket. A növekedési-erélyt vizsgáló kísérletek eredményei 
alátámasztották a nitrogénnel és foszforral telített PP műtrágyaként történő alkalmazásának 
biztonságosságát és hatékonyságát.  
A gránátalma héj bioadszorbensként történő alkalmazása rendkívül előnyös megoldást 
jelenthet, mert ötvözi a vízvédelem, az élelmiszeripari hulladék mennyiségének 
csökkentésének és a talaj tápanyag utánpótlásának előnyét, ami nem csak 
hulladékgazdálkodás, és környezetvédelmi szempontból, de gazdaságossági szempontból is 
jelentős, különösen a gránátalma termesztéséről és feldolgozásáról ismert fejlődő 
országokban.  
Bár a dolgozat minden célkitűzése megválaszolásra került, a jövőbeli kutatások során számos 
pontra kell összpontosítani, elsősorban: 
•  a gránátalma héj NH4
+ adszoropciós kapacitásának növelésének kérdésére,  
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•  rögzített ágyas adszorpciós folyamat vizsgálatára a léptéknövelés érdekében, 
• PP-módosítási lehetőségek fejlesztésére a költségtakarékosság, a hatékonyság és a  
    környezetbarát technológiák  irányába, 
• a vassal telített gránátalma héj (IL-PP) vizsgálatára a PO4
3-  valódi szennyvízből történő  
   eltávolításának és  hasznosításának céljából,  
• a tápanyaggal telített bioadszrobeátumok  regenerálására alkalmas módszerek vizsgálatára, 
• kiváló minőségű tápanyag-műtrágyák előállítási lehetőségeinek vizsgálatára nitrogénnel és     
   foszforral telített gránátalma héjból, 





9 New scientific results   
1. Pomegranate peel (PP) is proven to be a bio-adsorbent for NH4+ removal from NH4Cl 
model solution:  
 97% removal within 120 min using 400 mg PP and an initial NH4-N concentration of 30 
mg.L-1 at pH 4 and a stirring rate of 100 rpm. 
 Maximum adsorption capacity of  6.18 mg.g-1.    
 Adsorption is controlled by chemisorption and the surface of PP is energetically 
homogenous. 
2. PP can be considered as bio-adsorbent for NH4+ removal from real wastewater 
(MPWW): 
 81% removal within 120 min using 1.5 g PP, initial NH4-N concentration of 80 mg.L-1,  
and 300 rpm of stirring rate at pH 6 and 25 °C temperature.   
 Maximum adsorption capacity of 2.49 mg.g-1 wich is lower than the value obtained in 
NH4Cl model solution due to the competition from other cations present in MPWW.  
 Adsorption is controlled by chemisorption and the surface of PP is energetically 
homogenous.     
3. Pomegranate peel was successfully modified by iron loading method for efficient 
phosphate (PO4
3-) adsorption: 
 90% removal within 60 min using 150 mg IL-PP and 40 mg.L-1 of Initial PO4-P 
concentration at pH 6 and 25 °C temperature.  
 Maximum adsorption capacity of 49.12 mg.g-1. 
 The adsorption process is spontaneous, endothermic and controlled by the chemisorption 
mechanism in a heterogenous surface of IL-PP. 
4. Nitrogen-loaded PP (N-PP) and phosphorus-loaded IL-PP (P-IL-PP) can be safely and 
efficiently used as fertilizer since it is proven they have no toxicity effect and Brassica 
napus L. Showed a positive response to their use. 
  GI of all used N-PP, IL-P-PP, and Mix treatments was above 50% indicating no 
inhibitory effect during the germination phase. Moreover, 0.05 and 0.5 % (N-PP, IL-P-PP, 
and Mix) showed a beneficial effect as their GI was higher than the control.  
 Positive effect on the number of leaves produced was observed for all treatments except 
0.5% P-IL-PP. 
 A positive effect was observed on shoots dry and fresh weight for most of the treatments 
except 0.05% N-PP and 0.05% Mix. 
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